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Abstract  
 
This work considers the hybrid photovoltaic-thermal collector through a literature review 
of articles centering on design aspects, numerical modelling and system costs for a 
residential-commercial sized system. Excel modelling, using Florschuetz expressions, 
programme details and an energy balance simulation is explained. Module manufacturers 
have been researched and current product availability is listed in addition to complete 
system pricing. Australian solar policy is reviewed to explore current incentives and 
consider other possible supporting mechanisms. Australian climate variations are 
investigated and how this would best be engaged to exploit module’s co-generation 
capabilities.   
 
The interaction of populations providing markets, acceptance of solar technology 
interpreted from installation percentages and the aforementioned Government incentives, 
all of which do not operate cohesively to provide appropriate placement of the solar 
equipment are reviewed. An energy simulation is conducted for three densely populated 
regions (Cairns, Sydney and Melbourne) offering a comparison of climatic differences and 
suggesting deployment based on the thermal and electric output. From this, a net present 
value analysis is employed that indicates factors that suit deployment viability.  
 
With this in place, a review is undertaken of how the hybrid system may be augmented by 
designing in the use of phase change materials, used principally to reduce module 
temperature peaks during the day, consequently offering an opportunity to increase the 
stored thermal capacity and reduce module temperature. The concept is explored through a 
review of characteristic phase change material properties and research of the literature into 
its use with photovoltaic thermal systems. It is numerically modelled within the 
v 
photovoltaic-thermal programme with the principal objective of realising an increase in 
electric yield. The trends in the systems temperature response are documented along with 
circumstances requiring further investigation to provide conclusive results from the 
combination of the two technologies.   
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1 Introduction 
1.1 Photovoltaic – Thermal Systems 
 
Solar energy systems contribute to a variety of social and community benefits as the world 
moves into a phase of environmental uncertainty that sees international co-operation as the 
means to reduce the effects of fossil emissions that do not recognise national borders. 
 
PV grid feed systems have seen exponential growth and through their use a myriad of 
economic benefits have evolved. The generation of high quality electric energy is tradable 
and transportable on national grids worldwide. Through distributed generation across the 
large number of small systems on homes, it potentially offers technical gains such as 
voltage stabilisation, reduction of line loads and postponement of electrical infrastructure. 
Socially, the main benefit is abatement of fossil fuel use and its associated emissions. By 
its use, there is personal awareness of the environment that translates to pride in ownership.  
Therefore through government instigation as well as market pull on the technology, a 
specific industry is born aiding the countries’ economy (Farmer et al, 1995) (Jennings et al, 
2007). 
 
Solar hot water (SHW) systems are well established, particularly in Australia where they 
contribute to the export market and were produced and marketed well before PV systems 
appeared in large numbers. Their initial contribution to emission abatement was not 
popularly discussed as climate change concerns were not major international agenda items.  
Half a century after the initial impetus in developing this industry it is seen that the 
substitution of direct solar gain in place of the consumption of fossil energy for water and 
space heating is of considerable benefit (Redding Energy Management, 1999). 
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In addressing the CO2 and other emissions issues, emphasis is placed on the reduction, if 
not elimination of fossil based power within the foreseeable future. In this undertaking two 
policy streams are employed: incentives that ensure advances in renewable energy (RE) 
that will lead to cost reductions and the placement of a taxation on fossil fuel usage geared 
to increase its price. Together, these two policies would eventually see RE having parity 
and then falling below fossil fuel costs.  
 
Of the large scale RE technologies, PV generation provides appreciable predictability that 
may be despatched within the aggregated electricity markets. Established worldwide, PV 
farms have concrete undertakings in their design, installation and upkeep. At the same time 
they operate at relatively low conversion efficiency of roughly 12% - 14%, therefore any 
viable improvement would be well accepted (Stapleton, 2010). 
 
Based on these facts, various academic institutions and manufacturing facilities have 
worked on the development of heat extraction from the PV module using various means, 
one of which uses a heat transfer fluid (HTF) to move the heat away and so increase 
electric yield. The consequential use of this heat in reducing energy consumption 
elsewhere works in providing a discreet co-generation package that operates to displace the 
fossil alternative.  
 
There is a paradox in these manipulations of electricity and thermal extraction. Societal 
perception is of a utopian device that will provide electricity and hot water. In cooling the 
silicon module sufficiently to increase electric yield, the heated water does not achieve a 
high enough temperature for domestic satisfaction. To attain the higher temperatures, 
additional energy is provided through a booster system that uses electricity derived from 
fossil fuel. 
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1.2 Purpose of the research and literature review 
 
The work will embody a review of literature relating to the development of the 
photovoltaic–thermal (PVT) modules.  It will consider experimental and simulation studies 
that have aided the improvement in extracting electrical energy in conjunction with the 
secondary thermal component. In attaining technical conclusions, it will then necessitate a 
market where it would be placed to gain working experience as well as allow for 
innovation. To deploy within Australia, several aspects would require consideration to 
obtain a market share, including: levels of solar insolation, existing dominant domestic 
water heating and government policy that places either barriers or incentives for the 
anticipated levels of usage.  Therefore the first question to be answered in this work is: 
 
1/ Once a working PVT system is developed, how feasible is it to use this in place of 
conventional PV and SHW systems within Australia? 
 
In answering this question, firstly a review of PVT availability and associated costs will be 
attained. Secondly aspects of the technology that will lead to a functional design concept 
will be investigated. Finally, conclusions will be drawn from the yearly energy and 
financial results generated from a simulation model written in MS Excel.  
 
The second part of this work will investigate phase change materials (PCM), used for their 
latent heat content associated with iso-thermal behaviour. The prominent feature of 
combining PCM with PVT is the stabilisation of module temperature as the heat is used to 
melt the solid PCM.   The second question considered is: 
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2/ How feasible is it to use PCM in stabilising a lower PVT temperature and is there 
an advantage in its use within Australia? 
 
This will be answered by investigating PCM properties and research that has been 
undertaken to combine the two technologies. A simulation to evaluate, both the system 
temperature as well as the PVT electric output will be programmed in conjunction with the 
PVT model to determine any benefit. 
 
 
1.3 Methodology 
 
In this undertaking, the majority of the research was through literature review, in 
canvassing ideas and information pertinent to specific topics. From this, the technology 
was used to conceive a working design that was investigated to determine if there was 
merit in the approach or retract to consider different avenues.  
 
The material has primarily been internet sourced, mostly derived through the Murdoch 
University Library portal, notwithstanding reference books on specific themes.   
 
Once satisfactory information was obtained and a concept established, the next step 
entailed a hypothetical design that was used to base assumptions and form conclusions.  
 
Internet and verbal communications with domestic and international manufacturers as well 
as academic bodies was required to assist in obtaining literary articles, product information 
and pricing. 
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A set of physical tests on an available  mono-crystalline module were undertaken to ratify 
module surface temperatures correlated to published numerical expressions.   
 
A numerical model was programmed that constitutes a major part of the research to 
simulate the concepts and determine the responses to yearly climate variations. These 
results provided quantitative data, enabling recommendations and conclusions to be drawn.   
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2 Australian demographics, climate and solar resource 
2.1 Australian policy movements relative to solar energy 
 
It would be beneficial to understand government movements that have contributed to the 
contemporary position that underpins the domestic solar industry sectors. This section will 
look at Australian RE policy and how the industry has evolved over the last 15 years. 
 
The delayed emergence of small domestic scale RE relative to other nations such as 
Germany or Denmark was a result of the Australian energy economy being fuelled by the 
Federal Government’s political adherence to large coal and fossil fuel exports. Although, 
having introduced various RE policies and provided funding during their early years in 
office, the Howard Government’s efforts have been considered as public appeasement 
rather than legitimate domestic level RE initiatives (Lawrence, 2009). 
 
The early part of the new century saw the Howard Government promoting mineral exports 
as a safeguard for the development of the Australian economy, broadening a variety of 
incentives and deals with the coal fraternity as well as working with similar ideals from the 
US Bush administration. At the same time it achieved pollution emission concessions for 
Australia but did not ratify the Kyoto agreement (Lawrence, 2009). 
 
During the late 1990s, reports had been compiled for the Federal Government looking at 
how best to employ domestic level RE across the nation. These resulted in 
recommendations that each RE industry sector would be developing commercially at its 
own pace and that these different stages should receive the appropriate support in contrast 
to supporting the industry as a whole. For example, solar hot-water had matured and the 
industry became a successful international exporter, relative to PV grid generation that 
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although well established in Europe, was in its infancy and was considered to be in 
Australia’s advantage in promoting this industry.  
 
From this, incentives where made available to foster enterprise and establish a new 
industry. At the industrial level though, large developments such as wind farms and large 
hydro-electric refurbishments were seen in a similar vein to that of mineral exports 
(Redding, 1999, pp14-17). 
 
The Howard Government did concede to provide for the Mandatory Renewable Energy 
Target (MRET), which came about as a result of policy geared to work with the newly 
introduced Goods and Services Tax (GST) in 1999 (MacIntosh et al. 2011, pp3200-3201). 
 
The MRET applied a format from 2000 that promoted large scale wind and hydro 
generation. It also included the domestic level technologies which deemed SHW as a major 
contributor (Wood, 2008, 5). At the same time provision was made for PV electricity 
generation systems by way of rebates in the vicinity of $5/Wp. No additional provision was 
made for SHW systems. This was a start for the Government to feel the effects of 
introducing RE policy to the average Australian citizen.  
 
The subsequent history of incentives centred on a combination of RE Certificates (RECs) 
and rebate schemes that changed as the Howard Government went through political cycles. 
In 2007 the rebate for a grid tied PV generation system was $4000. On the concern that 
they would lose office as a result of not addressing climate change issues, the rebate was 
doubled overnight to $8000.  
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When Labor Federal Government came into office in 2007, they expanded the MRET in 
2009 and renamed it Renewable Energy Target (RET). It adopted a digressive multiplier, 
modelled on German policy, called the Solar Credits Scheme. This operates by multiplying 
the RECs to stimulate markets and so induce industry, and then diminishes over the forth-
coming years. This was phased out in December 2012. Therefore, contemporary 
installations now only receive single value RECs (Valentine, 2010, 3672) (Combet, 2012). 
 
Macintosh et al. note that the effect of Federal Government policy over this period was to 
fund roughly $880 million from which it generated $0.79 private investment for every $1 
of the scheme. This generated considerable sales of PV modules from overseas 
manufacturers and at best established a domestic installation and service industry 
(Macintosh et al. 2011, 3204). 
 
In contrast to PV, the Redding report explains, that research by CSIRO in the 1960s 
promoted the solar hot water industry of which various firms subsequently grew into 
international suppliers using local product. These firms included but were not limited to, 
Beasley, Edwards and Solarhart. Having matured within the Australian market, the 
development may be contrasted to China’s industrial model of gaining confidence 
domestically thereafter entering the international market (Cutt, 2012). 
 
Aside from deemed RECs, the only Federal Government incentive for SHW was the 
Renewable Energy Bonus Scheme (REBS) that came at the end of the Howard 
Government’s term in office, commencing in July 2007 and finishing in June 2012. It 
appears that it was established to satisfy the public’s perception relative to climate change 
rather than objectively place considerable product into the market (Department of Climate 
Change and Energy Efficiency, 2013).  
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State Governments have introduced schemes that ran concurrently with the Federal system. 
New South Wales, Queensland, Western Australia, Tasmania and the ACT funded a rebate 
if the SHW system or heat pump water heater was procured to replace an electric storage 
water heater (ESWH). The Northern Territory aided households for roof re-inforcement 
when installing SHW and South Australia aimed its funding for low income households. 
Victoria funded households that had missed out on the REBS. Except for the ACT that 
started in 2004 and is currently operating, all other States started after the REBS was 
introduced and have of late been phasing the schemes out (Warry et al, 2012, pp19-20).  
 
State Feed in Tariffs (FiT) incentives for PV generation also followed the pattern of the 
Federal Solar Credits Scheme. At the outset New South Wales, Victoria and Western 
Australia offered $0.60/kWh, followed by most other States at either $0.50 or $0.45 /kWh.  
Currently most states offer $0.26- 0.28/kWh that matches the domestic rate. Western 
Australia, through Horizon Power offers between $0.10/kWh and $0.50/kWh dependent on 
locality. Victoria, Queensland and New South Wales offer $0.08/kWh (CEC citing State 
Governments, 2013).  
 
From this, two conclusions have been drawn: 
 
1/   The SHW sector having established itself from the 1960s with a highly functional 
product that led to export marketing has little reason to be given additional Government 
support. The SHW’s simple function alone is sufficient barrier to the complicated PVT 
module system. Government support would then offer the same incentive as that seen with 
SHW as it has no reason to target a late comer to the industry. 
 
10 
2/  The PV sector grew rapidly in the last 12 years, with the incentives that promoted 
establishment of the new industry. At the conclusion of which, along with climate change 
reporting and other media reviews, it shaped public opinion in its favour. With both these 
successes, current FiT prices are not congenial in heavily promoting additional capacity 
but are contrived to allow people to understand the benefit of using PV generation in 
reducing their own consumption.  
 
 
2.2 Australian climate and markets 
 
Optimum conditions for PV electric generation and SHW, engage two sets of opposing 
climatic conditions. Although both systems require considerable irradiance, they are 
dependent on ambient temperature that controls the effectiveness of each. 
 
SHW systems lose thermal energy to the environment as the temperature difference 
increases between the absorber and its surroundings.  In contrast, PV modules operate 
more effectively in colder conditions where the module temperature may remain low.  
Broadly applied, this principle would see a higher proportion of SHW in the northern 
Australian regions and PV in the lower.  
 
At the consumer level, water and space heating is a commodity with high application in the 
colder latitudes, including Tasmania, the alpine regions and southern Australia. This 
suggests that solar thermal should be heavily marketed relative to conventional heating 
methods. 
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PV grid connected systems as distributed generation, assist in various community benefits 
with the prominent benefit of fossil fuel abatement. The higher increase in output as 
irradiation increases relative to the decrease because of heating, suggests placement in the 
lower latitudes. Aided by the national electrical grid, generation in localities of higher 
insolation would displace power transmitted from regions of higher load.   
 
As the PVT’s thermal and electrical generation will service different consumer 
requirements, government incentives will then contribute to the final purchasing decision. 
Therefore, in conjunction with the argument of Section 2.1, this will consider influences 
that contribute to residential PVT deployment, starting with the spread of solar irradiation 
across Australia. 
 
Darwin, with a tropical climate, dominated by summer rain periods and temperatures 
hardly falling below 20 
o
C, has average horizontal  irradiance at mid-day ranging from 900 
W/m
2
 in summer to just over 700 W/m
2
, in winter (Figure 2.2.1). Conditions would allow 
direct use of SHW equipment as there is not as great a need to provide warmth during the 
winter period and at the same time, PV generation would attain greater energy output.  
.  
Figure 2.2.1 Darwin, latitude 13 
o
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2
 vs. daily hour (Source, ASRDH, 2006) 
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The Northern Territory accommodates 1% of the Australian population. It however, on a 
percentage basis has the highest domestic SHW and the lowest PV systems in the nation, 
both of which are linked to the Northern Territory’s incentives schemes (ABS, 2011 & 
2012). 
 
In contrast, Hobart sees summer irradiance indicative of Darwin’s winter, dropping to 
under 300 W/m
2
 in winter for heating purposes (Figure 2.2.2).  With average winter 
temperatures reaching zero, heating requirements mean that 40% of Tasmanian households 
use firewood, along with hydro-generated electricity that is used to power the highest 
percentage of electric storage water heaters (ESWH) per household in Australia.  
 
 
Figure 2.2.2 Hobart, latitude 43 
o
 S, W/m
2
 vs. daily hour (Source, ASRDH, 2006) 
 
Sydney and Melbourne offer the main concentrated market potential. With temperate 
climate and winter temperatures below 7 
o
C being common, irradiance spread does not 
necessarily offer congenial conditions for winter operation (Figure 2.2.3).  Melbourne 
midday values reach 300 W/m
2   
relative to Sydney’s 400 W/m2. 
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Figure 2.2.3 Sydney, latitude 34 
o
 S, W/m
2
 vs. daily hour (Source, ASRDH, 2006) 
 
 
In considering national market potential, Table 2.2.1 summarises each states use of ESWH, 
SHW and PV as a percentage (%) of households, tabulated in descending order of ESWH. 
Providing an indicator of replaceable ESWH relative to existing SHW and PV units.  
 
Table 2.2.1 National households, ESWH, SHW and PV systems (adopted from ABS, 2011 
& 2012), (Palmer, 2013)  
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Population Households ESWH Installations SHW Installations PV Installations
million million million % % %
Tasmania 0.512 0.21 0.193 91.9 5,400 2.6 11,800 5.6
Queensland 4.58 1.72 1.290 75.0 180,900 10.5 280,000 16.3
New South Wales 7.314 2.74 1.750 63.9 187,000 6.8 207,900 7.6
Northern Territory 0.236 0.08 0.044 54.1 37,300 45.9 1,760 2.2
Australian Cap Territory 0.376 0.14 0.072 52.2 7,600 5.5 11,500 8.3
South Australia 1.658 0.67 0.299 44.6 43,600 6.5 131,200 19.6
Victoria 5.65 2.11 0.600 28.4 80,600 3.8 167,700 7.9
Western Australia 2.45 0.89 0.236 26.5 186,700 21.0 124,800 14.0
Australia 22.78 8.55 4.48 52.4 729,000 8.5 936,660 11.0
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Nationally, 52% of households use ESWH, 36 % use natural gas, 4% use LPG/bottled gas 
and 8% use solar energy (ABS, 2011). ESWH, when powered from coal fuelled generation 
contributes considerable emissions relative to all other water heating means. Particularly in 
NSW and Queensland that have a dependency on coal generated electricity.  
 
Irrational decisions by owners caught without warning and having to replace faulty hot 
water units without consideration for environmentally friendly alternatives contribute to 
the problem.  Replacement ESWH units provide a convenient market of 80% of sales, the 
remaining 20% constitute new purchases. Because of this, State and Territory policy was 
introduced in 2010 to phase out these systems in favour of the more environmentally 
congenial SHW systems or less offensive heat pump units (DCCEE, 2011) (Wilkenfeld, 
2010, pp2-3). 
 
In combining aspects from Section 2.1 on policy, the current phase out of ESWH and data 
from Table 2.2.1, each State and Territory will be considered in relation to possible uptake 
of PVT equipment. 
 
Tasmania 
Tasmania is self-sufficient for its space and water heating requirements, using indigenous 
forest timber and hydro-electricity. Although State policy promoted SHW with a rebate, it 
was not sufficient to increase implementation. PV installations draw on a FiT of equal 
value to domestic supply which has resulted in an increase of PV over SHW installations.  
By admission of the small uptake of SHW in conjunction with low ambient temperatures 
that would naturally cool conventional PV systems, as well as the relative low solar 
insolation, it is doubtful that PVT would be able to attract any additional attention. 
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Queensland 
Queensland’s Electricity generation mainly derives from coal at 59%, natural gas 35% 
with hydro contributing 5% and sugar-cane waste (baggase) 1% (Electricity Generation, 
2013). With considerable population, the initial FiT and SHW rebates have been 
favourable in placing considerable SHW and PV systems on households. At the same time, 
with ESWH used in 75% of the State households, it would be in the prime position to 
market PVT and other solar equipment (ABS, 2011). In the lower latitudes, Queensland 
would have lower water heating requirements, the PVT could be used directly without 
requiring auxiliary boost systems.   
New South Wales 
New South Wales, including the Australian Capital Territory, offer the largest market in 
conjunction with a relatively good solar resource. State electrical power is 76% fossil 
fuelled; the remainder derives from renewable sources (Electrical Generation, 2011). With 
a high introductory FiT, it did not achieve as high a percentage of PV systems relative to 
the number of households. The SHW rebate was modest and there too, the percentages are 
low.  Therefore the low penetration into a large market that maintains a large replaceable 
stock of ESWH suggests ample opportunity for PVT. 
 
Victoria  
Victoria is equipped with 68% gas hot water heating (ABS, 2011, Table 8). It’s SHW 
policy provided assistance for those that missed the Federal REBS. PV schemes were 
similar to NSW that attracted reasonable generation, however Melbourne, also has the 
lowest solar clearness index of all Australian cities (ASRDH, 2006, Melbourne). Therefore 
in a similar vein to Tasmania, as natural low ambient temperatures assist with conventional 
PV modules, there is little purpose in placing an expensive thermal PVT system where 
there is the convenience of natural gas.  
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Northern Territory 
Northern Territory had an admirable policy encouraging SHW that saturated the region.  It 
employs mini electrical grids that supply the city regions and constitute 52% of the 
Territory’s total electricity usage. The remainder is made up of remote sites that use diesel 
and a small amount of LPG (RET, 2012). It currently applies a PV generation export price 
equivalent to the consumption cost, in conjunction with the lowest percentage of 
residential PV generation in the nation. The introduction of PVT for heating is 
questionable, because of the high ambient temperatures and high concentration of SHW. In 
light of this, the major added expense for a slight increase in PV electrical does not warrant 
the application. An exception would be remote systems that do not employ the 
convenience of diesel sets which are used to cogenerate hot water. 
 
South Australia  
South Australia has similar features to Victoria as 48% of households use natural gas for 
water heating (ABS, 2011). The FiT scheme in this State induced the highest percentage of 
residential PV systems, yet policy provided no subsidy for SHW.  Attempts in using PVT 
in conjunction with auxiliary natural gas boosting to replace the 44% ESWH would be a 
vehicle to market entry.  
 
Western Australia  
Western Australia supports the lowest ESWH installation nationally, offset by 50% gas 
water heating and as well as a high SHW installation base at 21% (ABS, 2011). Generous 
FiT rates assured considerable PV installations. Therefore with most incentives having 
been removed, it suggests little opportunity for PVT, with the exception as with the 
Northern Territory for supply to remote sites.  
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3 Photovoltaic-thermal modules 
3.1 Photovoltaic-thermal 
 
The standard production of crystalline silicon wafer PV modules, provide real efficiencies 
in the vicinity of 12 -14% in contrast to manufacturers’ brochures that may suggest values 
near 20% (electrical power relative to solar irradiation received). The remaining energy 
that is displaced to the surroundings is a summation of various physical factors entailing: 
- photon energy lower than the absorption level   19%  
 - photon energy greater than absorption level   28%  
 - absorption at locations far from junction   19% 
 - metal grid electrical connector     4% 
 - reflection        2% 
 - electron ejection efficiency     4.5% 
 - electrical resistance      4.5% 
(Stapleton et al., 2010, 81) 
These losses are then dissipated by: 
 1/ radiation  
2/ convection 
The energy loss is not easily remedied, however it may be marginally reduced by ensuring 
that it is rapidly dispersed (Stapleton et al., 2010, pp80 - 81).  
 
If the heat is maintained, increasing the module temperature, the silicon cell output will 
decrease, therefore de-rating the module at higher temperatures. Power temperature 
coefficients are well documented and used extensively in design and module/inverter 
selection by the PV industry. In an effort to ensure release of this unwanted heat, installers 
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position modules with up to 100mm gap from the roof surface to allow the air to naturally 
convect heat away (Stapleton et al., 2010, pp223-228).  
 
Fossil fuel equivalent of renewable electric energy generation takes into account the  
quantity of coal needed to produce the same amount of electrical energy. For example, 
Australian power stations using black coal, operate at 36% efficiency, while with brown 
coal operation, they have efficiencies of around 28% (Saddler et al. 2004, pp105-16).  In 
comparing thermal coal plants, the use of black coal would require an equivalent energy 
content of   
 
    
     
times the amount of electricity the PV system will produce (not taking into account 
embodied energy). This concept was introduced into PVT literature by Huang et al., 
providing one argument for the development of the PVT market (Huang et al, 2001, 444). 
 
To expand on this, the co-generated thermal energy also replaces fossil fuelled power used 
for heating. Through calculated estimates and validated by experiment, it has been shown 
that the thermal energy in cooling the PV module is roughly 3-fold or greater the electrical 
output (Tripanagnostopoulos et al, 2004, Tables 2 & 4). Therefore, for an operating system 
where all the thermal energy is consumed and displaces coal derived electricity, it may be 
confidently stated that the PVT would yield energy where a conventional thermal power 
station would require at least 10-fold the coal energy equivalent. 
 
The displaced heat may be harnessed and used prior to dispersing it to the environment, in 
which case it will provide both indirect economic benefits to the community as well as the 
obvious financial gains that the rational individual seeks. 
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Renewable energy is however, unable to meet the level of performance accepted from the 
direct use of fossil fuel power generation.  It has limitations on usage and depends very 
much on the equipment installed. It is unrealistic to expect maximum electrical yield from 
a thermally insulated PVT module that has been altered to provide hot water. At the same 
time the temperature achieved may not reach that found in a conventional solar hot water 
unit. PVT manufacture’s produce various PVT modules that concentrate on either electric 
yield or hot water. 
 
The next section deals with technical aspects of the PVT module and its commercial 
availability. A theoretical interrelationship of the thermal and electrical output is discussed 
and then the details of programming are considered.  Three Australian metropolitan areas 
are simulated for one year in an effort to understand how it may suit various climatic 
regions. 
 
3.2 PV module model 
 
Mass produced regular PV modules entail a laminating process of various  materials, 
centred on the silicon cell (Si), encapsulated in ethylene-vinyl acetate (EVA), protected on 
the front by toughed glass and the rear by poly-vinyl fluoride (Tedlar),  and all bound in an 
aluminum frame. All of this serves the requirement to withstand the low level thermal 
fatigue experienced on a daily basis for a life expectancy of 20 to 25 years. Absorption of 
the solar radiation and release as long wave radiation in conjunction with convective heat 
flow from its upper and lower surfaces is mandatory for operation.  Lee et al., 2008 
describe the various components in the assembly of a PV module: 
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Glass  Low iron glass sheet is used with a transmission (τ) of 90 – 92% for 
wavelengths to 3 μm.  General thickness 3mm and an inherent low thermal 
conductivity, close to 0.95 W/m.K (Abrisia Tech, 2013). 
EVA  Beneath the glass-cover, the silicon wafer cells are protected by an 
envelope of EVA, with transmittance of 92% and thermal conductivity of 
0.23 W/m.K, of thickness 0.5mm.  
AR  The use of anti-reflective coating on-top of the silicon sees a thin deposited 
layer in the order of 0.07 mm, conductivity of 1.4 W/m.K. 
Silicon wafer The cell itself has thickness 0.3 mm with a relatively high conductivity of 
148 W/m.K, its thermal  absorptivity, α,  is of the order of 85%  and  the 
main characteristic that works against the operation of  PVT,  is the high 
emissivity, ε  centering on 0.8. In retrospect, selective surfaces for solar 
thermal absorbers have values of 0.1 – 0.15 (Bosanac, 2003, 39) (Duffie et 
al. 1980, 156). 
EVA   The rear side of the EVA envelope that completely encapsulates the silicon 
cell. 
Tedlar   Poly-vinyl fluoride is used as a rear surface shield that is resilient to the 
daily elements. Thickness is in the order of 0.1 mm and conductivity is low 
at 0.36 W/m.K. 
  
A pictorial representation of the module with a temperature profile to emphasise the 
thermal distribution is provided in Figure 3.2.1.  Originating at the silicon cell, the high 
temperature decreases as the heat moves towards the ambient air, the rear Tedlar has a 
higher face temperature as it offers less resistance.  
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Figure 3.2.1 Representation of a PV module against temperature profile (Adapted from 
Teo et al. 2012) 
 
Applying free convective heat transfer values of 5 W/m
2
.K to the rear surface and 10 
W/m
2
.K to the upper glass surface as derived from Holman, 1981, pp281-285 in 
conjunction with the PV component conductivities and thicknesses, the following heat 
transfer co-efficients were derived: 
Glass face   8 W/m
2
.K 
Tedlar   4 W/m
2
.K 
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As the objective is to reduce module temperature that will allow optimisation of electric 
yield, design decisions would centre on extracting heat from the front glass surface. Of 
particular interest is Hosseini et al. 2011, who experimented with a continuous water film 
over the glass and realised a 22% electrical efficiency gain (Hosseini et al, 2011). Similar 
attempts of heat removal from the glass face are summarised by Riffat et al. including 
double glazing with the use of air, water and air water combinations (Riffat et al. 2011, 
pp213-214 and pp220-222). 
 
3.3  PVT module model 
 
Of the numerous heat extraction designs available, this paper will consider the application 
of a sheet and tube heat exchanger (HE) placed on the rear of the PV module. The 
reasoning is twofold, commercial (international) availability of units and the simplicity of 
gaining thermal energy that can be stored and diverted for various tasks. 
 
Heat extraction from the rear of a PV module is hindered by thermal resistance of the 
EVA-Tedlar as well as the adhesive/heat sink compound used to thermally attach the heat 
exchanger. Various authors have commented that direct adhesion to the HE with an 
appropriate thermal paste becomes a critical point and this was an issue that many 
companies canvassed were reluctant to discuss.  
 
Figure 3.3.1 depicts the physical assembly of a conventional PV module through thermal 
adhesive to the sheet and tube heat exchanger, behind which is placed thermal insulation 
and an outer protective cover. 
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Figure 3.3.1 Modelled PVT unit using sheet and tube heat exchanger (Adopted from Teo et 
al. 2012) 
 
The review of the following articles is aimed at describing the varied experiences by 
authors working on prototypes, raising differenct viewpoints on the design and 
functionality of the hybrid unit.  
 
Huang et al. 2001, early in their article pointed out that thermal resistance was of concern. 
Their initial experiment used a sheet and tube system. Pipe risers of diameter D spaced at 
W with ratios W/D of 6.2 and 10 were both found unsatisfactory. Their next design placed 
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the HTF in rectangular sections under the entire PV area from which meaningful results 
were obtained (Huang, et al. 2001, 444).  
 
Bouzoukas, 2008, also noted that the contact between the Tedlar and the HE was critical in 
his experimental results as he observed a total (thermal & electric) efficiency of 63% for a 
sheet and tube system with adequate thermal adhesion. A later experiment with a more 
effective box section HE observed a marginal increase to 67% as it did not have sufficient 
thermal adhesion with the Tedlar (Bouzoukas, 2008, 206). 
 
Dupeyrat et al. in 2011 tested a PVT module that consisted of laminating silicon within 
EVA to an aluminium purpose built HE. Although there is no mention of a specific 
adhesive material, the article indicates a total electric and thermal efficiency of 88% 
(Dupeyrat et al., 2011, pp1464-1465). 
 
Anderson et al. 2008 numerically modelled a PVT system and then validated the model by 
experiment. The design entailed adhesion of silicon cells to a corrugated iron roof sheet 
profile using poly-vinyl resin and the entire silicon cell had a stream of water flowing 
underneath the corresponding metal absorber. The model indicated that of all the design 
variables, transmittance-absorption product aided thermal output the most, whilst not 
sacrificing electrical efficiency.  
 
It was also noted that absorber substrate such as steel could be used at considerably lower 
cost, at the same time highlighting attention to the quality of adhesion needed between the 
silicon cell and substrate while maintaining electrical integrity (Anderson et al, 2008). 
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Jie et al., 2006, constructed a PVT unit using a rectangular aluminium section that on 
assembly allowed coverage of the entire PV cell area, providing a thermal area of 1.76 m
2
 
and PV area of 1.125 m
2
.  A 200 litre tank was used for thermo-siphoning storage. One 
major variable was the water mass in the system where singular day testing yielded higher 
system efficiencies for the larger water mass. Average values are summarised for days of 
roughly, 5 kWh/m
2
 (18 MJ/m
2
), equal solar irradiation. 
 
Table 3.3.1 Jie et al.’s experimental results 
 
 
Encapsulation of the silicon wafers entailed EVA and Tedlar for both top and bottom. A 
silica gel was the used between the rear Tedlar and aluminium absorber plate. The authors 
noted a conscious decision to provide complete PV cell coverage with water flow, in place 
of using fins to transfer the heat to the HTF (Jie et al. 2006, 226). 
 
Two design aspects have dominated this review: Firstly the adhesion of the silicon to the 
HE with the best results obtained by Dupeyrat et al. and Anderson et al. who paid special 
attention to the adhesion of the Si cells directly to the absorber substrate.   
 
Secondly the HTF was in complete area contact through the metal HE with the Si cells. 
This was in contrast to using the lower priced sheet and tube system that depend on heat 
transfer through fins for effective transport of heat to the HTF.  
 
 
Water Thermal efficiency Electrical efficiency
kg % %
95 35.0 9.4
150 40.0 10.3
165 45.0 10.1
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3.4 Electrical and thermal expressions 
 
Various articles examine correlations between the electric and thermal outputs as intrinsic 
functions of each other. Teo et al. correlates the absorbed solar radiation with electrical, 
thermal and energy lost through the rear Tedlar along with convective and radiation 
effects.  A PVT unit using air as the HTF is constructed and their hypothesis is tested to 
realise a roughly 20% electrical gain, yet no measurements are made of thermal output. 
 
Their results indicate electrical efficiency at 1000 W/m
2
, that begin at 11.5% with nil air 
flow and plateau at 12.5% as the air flow is increased (Teo et al, 2012).  
 
Tripanagnostopoulos, over a number of articles, (Tripanagnostopoulos et al. 2001, 
Tripanagnostopoulos et al. 2002, Tripanagnostopoulos et al. 2004, Tripanagnostopoulos, 
2007), has researched various aspects of PVT in both theory and experiment.  The results 
are similar to Teo et al., with developed expressions correlated to meet his various 
objectives.   
 
In 2001, PVT designs using air and water as the HTF were tested for the same ambient 
conditions to ascertain the increase in energy over a conventionally mounted free PV 
module.  Gains of 3.2% were observed using water as the HTF, whilst the daily ambient 
temperature rose from 15 
o
C to 29 
o
C. For a daily rise from 15 
o
C to 35 
o
C, an increase in 
yield of 7.8 % was realised. When air was used as the HTF, increases were 1.6% and 6.1% 
respectively (Tripanagnostopoulos et al 2002, 231, Table 2). In doing so, 
Tripanagnostopoulos et al. noted that it was incorrect to use the reduced temperature 
difference (RTD) Ti* defined as  
  
   
       
  
     (3.4.1) 
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Where      is collector inlet temperature,    ambient temperature and    the irradiance on 
the tilted plane, as used with thermal systems. Therefore the electrical plots cannot be 
referenced to thermal as electric yield is dependent on the PV cell temperature and not the 
RTD (Tripanagnostopoulos et al 2002, p225).  
 
In these cases Tripanagnostopoulos provided two separate efficiency graphs, thermal that 
uses Ti* on the abscissa and electric that utilises the PV module temperature Tpv. 
                 
      (3.4.2) 
                        (3.4.3) 
 (Tripanagnostopoulos, 2007, pp 1126-1127, Tripanagnostopoulos et al., 2001, Section 3, 
Tripanagnostopoulos et al. 2004, Section 3). 
 
In simulating cogeneration without concern for the dissimilar continuous input variable, 
requires an expression that intrinsically connects the various electro-thermal parameters. 
Albeit, to say that once derived, experimental validation would go a long way in ensuring 
conclusive results.  
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3.5 Florschuetz extension 
 
Florschuetz in 1979, rearranged aspects of the Hottel-Whillier-Bliss (HWB) expression 
using the primary factors that detail the temperature dependency of the PV module: 
 Temperature power co-efficient  - γ. 
 Maximum possible electric efficiency ηr at STC.  
 
In doing so, he derived two expressions that modelled sheet and tube PVT behaviour 
accounting for all variables. The TRNSYS suite of software uses this format to model PV-
thermal collectors as a type 50 component (Bilbao, 2012) (TRNSYS demonstration). 
 
The details are explained beginning with the HWB form, progressing through the 
Florschuetz extension whilst detailing assumptions employed in this paper. 
 
3.5.1 Hottel-Whillier–Bliss model 
 
Beginning with the conventional solar water collector, the HWB expression models the 
thermal output as a function of the reduced temperature difference Ti*  
               
 )     (3.5.1) 
Where 
    useful thermal power; 
    collector area; 
    heat removal factor from the absorber to the HTF; 
   thermal absorbed energy; 
    overall heat loss to the environment per unit area; 
  
   reduced temperature difference as described above. 
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The efficiency then becomes 
         
                 )]
    
    (3.5.2) 
 
3.5.2  Florschuetz extension model 
 
Florschuetz modifies the HWB thermal expression by subtracting electrical power, and 
then providing a second expression for electrical output. The model takes into 
consideration that the thermal absorber will lower the silicon cell temperature whilst the 
electrical output will take away from the thermal (Florschuetz, 1979). 
 
In detailing the expressions, attention is drawn to the script used. The Florschuetz 
expressions presented as extensions of the HWB model use a discriminating * indicating a 
modification. In Excel this is represented as an extension “_bar”, therefore the following 
are equivalent: 
  
   =  Fr_bar      (3.5.2.1) 
Florschuetz expressions for thermal and electrical power output are: 
Modified HWB thermal expression 
  
      
       
        )      (3.5.2.2) 
Electrical power expression 
  
     
 
 
       
  
  
     
           ]   
  
   
              (3.5.2.3) 
The asterisked parameters correspond to the following: 
Modified absorbed solar radiation 
              
  
 
)     (3.5.2.4) 
Modified overall heat loss co-efficient 
  
      
 
 
         (3.5.2.5) 
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The discreet components of the expressions are:      
  
   modified heat removal factor, that in this case is specific to absorber temperature 
distributed transverse to the fluid flow direction and is a strong function of    
      
(Florschuetz, 1979, 363) which provides a complete treatment, summarised here  
   
  
 ̇   
   
           
     
      
)  ̇    ]   (3.5.2.6) 
where 
 ̇ fluid mass flow rate kg/s 
    specific heat of water, J/kg.K 
   heat transfer from absorber surface to HTF, W/m
2
.K 
     the standard PV module efficiency evaluated at ambient temperature as a function 
of            
             [                    ])   (3.5.2.6) 
 γ  power temperature co-efficient - always negative.  
 
Florschuetz adopted               as         .  To be consistent with contemporary design 
practice, the following notation is used: 
                        (3.5.2.7a) 
           =         (3.5.2.7b) 
 
            is the cell operating temperature whilst HTF is flowing and removing 
heat, Tripanagnostopoulos et al. 2007, 1262, has validated the following: 
                                 (3.5.2.8) 
 
Citing Lasnier and Ang, 1990, Photovoltaic Engineering Handbook, Tripanagnostopoulos 
et al. reference         , as the module surface temperature:  
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                        )             ) (3.5.2.9a) 
PV module surface temperature tests were undertaken on an available 170 Wp mono-
crystalline module to validate equation 3.5.2.9a. As it was found that this brought on 
considerable error, an alternative expression was found in Kou et al., for standard PV 
module temperature (Kou et al., 1998, 35). 
         
  
      
           )   
  
  
)  (3.5.2.9b) 
Subscript “c” denotes module (glass) temperature at NOCT, the normal operating cell 
temperature supplied by the PV module manufacturer. Consequently, the following 
adaptation by Monsour was used. Actual mono-crystalline module testing and correlations 
are presented in Appendix 1 (Monsour, 2003, unit 2, 17). 
          (
       
   
)      (3.5.2.9c) 
 
     mean collector temperature, is a function of outlet temperature, which is 
dependent on the PVT operating variables. Tripanagnostopoulos el al. 2007 
page 1262 suggest: 
      =        
       
 
    (3.5.2.10) 
 
Re-writing, Tco, the collector outlet temperature, may be evaluated from Tci when equation 
3.5.2.2 is equated to the HTF thermal energy removal for appropriate values of   
 . 
     
         
            )]     ̇           )   (3.5.2.11) 
 
leading to  
    
          -           )]  ̇      )
 ̇   
    (3.5.2.12) 
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   and       become implicit values of the expression. For simplicity, the following will 
be used in equation 3.5.2.12   only, based on a sensitivity tabulation within the operating 
range: 
   = 4178 J/kg.K and   
 = 0.88 S   (3.5.2.13) 
 
3.5.3 Simulation in Excel 
 
The preceding expressions in conjunction with a PCM model (Section 4.6) have been 
simultaneously programmed, to use monthly data for ambient temperature and solar 
irradiance. The programme accepts numerous parameters that define the module and PCM, 
of which details are provided in Appendix 3. It also provides comparisons to conventional 
SHW and PV systems operating under the same ambient conditions. 
 
Based on average NSW electrical consumption of 20 kWh daily, from which 30% is used 
for water heating, a system of 3 kWp will be adopted, that on average yearly daily basis 
may provide 12 kWh. Thereafter, thermal output may service the various heating 
requirements.  
 
Three locations are used, Sydney, Melbourne and Cairns. The former two, as the main 
population centres of Australia with 4.4 and 4.0 million people respectively, provide large 
markets but not necessarily the best solar resource. The slight variation in latitude in 
conjunction with a different climate may provide some insight suggesting how best to 
optimise the two PVT energy formats.  
 
 
33 
Cairns was chosen as representative of Queensland’s higher insolation and ambient 
temperature, as well as its application of the criteria discussed in Section 2.2.     
 
The Australian Bureau of Meteorology (BOM) provided national weather station data 
based on 30 minute intervals.  Solar irradiance is tabulated in solar time and ambient 
temperature in clock time. The maximum discrepancy for Cairns and Sydney occurs in late 
October with standard clock time lagging behind solar time by 18 minutes. Melbourne sees 
a maximum discrepancy during mid-February where clock time is ahead of solar time by 
19 minutes (Duffie et al., 1980, pp9-10). For this initial review no time correction is used. 
 
Furthermore, a very crude approximation for module tilt will be employed with the 
understanding that relative high error will occur during the morning and afternoon periods.  
         
    
     )
    (3.5.3.1) 
With,        is global irradiance on the tilted plane,      the global irradiance on horizontal 
plane and    the tilt angle between the plane and horizontal. 
 
Inlet fluid temperatures for each month are derived from AS 4234:2008, Table A6, based 
on Australian climate zones (AS 4234, 2008).  
 
Domestic water usage represents the thermal load that regulates final system temperature, 
distributed across all PVT modules. For a standard domestic dwelling, a 4m
2
 solar hot 
water collector in conjunction with a 200 – 300 litre insulated storage tank system suffices 
for everyday use.  Hot water consumption is modelled on data sourced from the Dept. of 
Sustainability (DSEWPC, 2013) and determined as 113 litres/day. Furthermore, the 
programme assumes that this quantity is totally used, irrespective of temperature. 
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A design dilemma arises, not found in any literature: the 3 kWp system size comprises 
19m
2
 of modules. To be consistent with the array area, a water consumption of  
113 litres/day  x  19m
2
/4m
2
  = 535 litres/day  
 
is required for the simulation. However as only 20% will be used domestically the 
remaining energy is displaced to the environment and does not constitute any benefit to the 
dwelling. 
 
Details of numerical terms used in the programme, representing the Florschuetz thermal 
expression 3.5.2.2 and electrical expression 3.5.2.3 along with the modified parameters 
3.5.2.4 through to 3.5.2.12 can be found in Appendix 2. 
The Excel programme has been submitted as part of this dissertation. 
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3.5.4 Resultant energy tabulations 
 
Simulation results have been summarised in Table 3.5.4.1. This provides monthly average 
daily results for: 
 electrical output PVT (qe*)  and PV (qe) 
 the percentage yield from the PVT over PV 
 thermal energy of  SHW(qu) and PVT (qu*) 
 mean tank temperature oC. 
 
Table 3.5.4.1 Monthly simulation results, Cairns, Sydney and Melbourne 
 
 
Cairns Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Electric energy
qe*    kWh/day 17.6 16.0 15.7 13.3 13.0 12.2 12.0 13.3 17.3 18.4 19.0 16.9
qe      kWh/day 14.2 13.1 13.0 11.3 11.1 10.5 10.4 11.3 14.5 14.8 15.2 13.8
qe*  /  qe   % 124 122 121 117 116 115 115 117 119 125 125 123
Thermal energy
qu     kWh/day 54.4 50.5 48.4 40.1 38.5 35.8 34.8 38.9 46.1 55.3 57.2 51.3
qu*   kWh/day 36.6 34.1 32.4 26.6 25.2 23.4 22.7 25.6 27.6 36.5 37.9 34.3
Tank temp.
   o
C 66 63 61 55 53 51 50 53 55 66 67 64
Sydney Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Electric energy
qe*    kWh/day 17.8 18.4 15.4 12.1 8.6 8.1 7.0 11.6 15.0 19.0 18.9 20.3
qe      kWh/day 14.3 14.8 12.9 10.5 7.8 7.3 6.4 10.1 12.8 15.2 15.0 16.0
qe*  /  qe   % 124 124 119 115 111 111 110 115 117 125 126 127
Thermal energy
qu     kWh/day 53.3 55.8 44.7 35.3 24.2 21.6 18.5 32.5 38.6 53.9 55.0 58.4
qu*   kWh/day 36.0 37.4 29.3 23.0 15.7 13.6 11.8 21.0 22.6 35.1 36.2 38.5
Tank temp.
   o
C 90 86 73 65 52 45 45 57 65 80 86 91
Melbourne Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Electric energy
qe*    kWh/day 19.7 20.0 16.1 12.0 7.4 5.8 7.4 10.0 13.5 15.7 18.2 24.1
qe      kWh/day 15.8 15.9 13.4 10.5 6.5 5.4 6.7 8.9 11.7 13.2 14.7 18.5
qe*  /  qe   % 125 126 120 115 114 108 110 112 115 119 124 130
Thermal energy
qu     kWh/day 55.2 61.1 47.5 34.3 13.2 14.6 18.6 25.9 32.8 42.4 51.5 67.8
qu*   kWh/day 36.1 41.0 31.3 22.2 7.6 9.1 11.6 16.2 18.7 27.1 33.8 44.2
Tank temp.
   o
C 57 63 53 42 41 27 29 34 37 46 54 65
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3.6 Manufacturers 
 
Communications with all known PVT manufacturers are documented pertaining to 
availability price and tabulated characteristics. Two articles aimed at promoting PVT 
awareness have been researched that detail international manufacturers.  The PVT 
Roadmap which was published in 2004 by the European Union supported PV-catapult that 
was used as an aid for awareness of the PVT industry. It featured considerable detail about 
market barriers and European marketing conditions, including a comprehensive list of past 
and (then) present manufactures (Zondag et al. 2004). 
 
The second was the International Energy Agency that instigated a three year Solar Heating 
and Cooling (SHC) Task number 35, starting in January 2005, to bring together many 
facets of PVT systems for increased awareness. The document “Commercially available 
PVT products” compiled by Zondag provided considerable data relative to grouping 
associated technology including PVT air, water and concentrating devices. In 2010 van 
Helden updated Zondag’s review with current manufacturers (Zondag, 2006) (van Helden, 
2010). 
 
From these sources, internet search and direct contact, the following compilation of 
commercially available PVT modules as of December 2012 was tabulated.  All pricing has 
been converted to current Australian dollars. Not all firms provided adequate information: 
assumptions and present values based on Australian CPI have been used to allow 
comparative pricing. 
 
All canvassed firms employ crystalline cells, predominantly mono-crystalline; therein 
review of parameters will be indicative of this construction.  
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Solimpeks, Turkey 
Produce two products: one with a second glass sheet for thermal applications and a 
general unit to optimise electric yield. Pricing and design details were restricted for 
commercial reasons. It was suggested that pricing would be a summation of the 
market price for thermal and PV systems.  
 
Wiosun, Germany 
Have for a period produced a thin module with three vertical sheet and tube risers 
moulded into a polyurethane rear protective cover without aluminium framing. 
They feature a comprehensive installation guide on their website and indicated that 
they have a manufacturing facility in China.   
 
Powerpanel, USA 
Produce a module in Detroit, made with TPO-EPP plastic frame and vertical risers. 
Their selling formats constituted a complete system, yet were open to provide 
separate modules. 
 
Millennium Solar, Israel 
Offer a range of sizes and in communication, pricing was only indicated as being 
30% above regular Chinese PV modules. Considerable assumptions were adopted 
to provide an Australian price. 
 
Everlight Corp Ltd Hong Kong  
Markets a range of PVT products from its plant in China – Helios Photovoltaic Co. 
Ltd. Several personal communication attempts for information were unsuccessful. 
Their range of PVT products is seen to derive from a PV product base.  
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PVTwin, Netherlands 
Advertise several PVT products, however all communication attempts failed. 
Pricing has been derived from the IEA SHC report by Zondag in 2006. 
 
Table 3.6.1 tabulates product descriptions and Australian dollar equivalent on each of the 
panels as of December 2012. Where information was not forth-coming assumptions on 
price based on communications with the supplier was used. The Table details include:  PV 
(Wp), peak electric watts, with higher powered cells used to assemble higher power 
modules of the same physical size. Thermal daily output in kWh/day is based at STC from 
manufacturer’s data for a solar input of 5.1 kWh/m2.day (average of Perth, Adelaide, 
Sydney and Brisbane) (BOM, 2013). 
 
Table 3.6.1 PVT Manufacturers and Australian pricing, December 2012
 
Company Product identity PV output Length Width PV area Si Thermal output AUD AUD
Country watts m m m
2
kWh/day based  $/mod $/Wp
on 5.1 kWh/m
2
.day
Millennium MSS-MIL-PVT-190W-M02 190 1.58 0.80 1.13 1.6 1,112 5.85
Electric Ltd. MSS-MIL-PVT-250W-M02 250 1.65 0.99 1.46 1.8 1,463 5.85
Israel MSS-MIL-PVT-340W-M03 340 2.20 1.24 2.25 m-Si 2.1 1,989 5.85
PVTwins PVTWIN 212 150 1.05 1.90 1.17 p-Si 3.0
Netherlands 313 220 1.05 2.76 1.79 3.0
422 295 1.90 1.90 2.44 2.9 2,488 8.43
515 370 1.05 4.25 2.86 3.1
616 440 1.05 5.33 3.64 2.9
623 440 1.90 2.76 3.73 2.9
824 590 1.90 3.62 5.01 2.8
1025 735 1.90 4.25 5.95 3.0
Solimpeks Power volt 190 1.60 0.83 1.13 m-Si 2.7 1,353 7.12
Turkey Power therm 175 1.64 0.87 1.13 2.5 1,325 7.57
Wiosun PVT180 180 1.32 1.01 1.08 p-Si 2.8 545 3.03
Germany PVT 185 185 1.32 1.01 1.08 560 3.03
PVT 190 190 1.32 1.01 1.08 575 3.03
Powerpanel PVT 125 1.38 0.71 0.98 2.4 399 3.19
USA
Helios Photovoltaic EL-54/6P 180 - 210 210 1.48 0.99 1.47 mono
Everlight EL-48/6P 160 -185 185 1.32 0.99 1.31 poly no data available
China/HK EL-60/6PS 190 - 230 230 poly
EL-72/5M 170 -185 185 1.58 0.81 1.28 mono
39 
3.7 System cost, energy tariffs and net present value  
3.7.1 System costs and energy tariffs 
 
This section will consider pricing of a fully assembled PVT system, electrical tariffs and 
the price available for Small-scale Technology Certificates (STC). A net present value 
analysis will provide a payback period and the present value for 20 year life expectancy in 
line with periodic part replacements refer to Appendix 5.  
 
a/ PV system size and cost 
Internet advertising was used to price a conventional 3kWp PV system, ranging from 
$4,300 to $6,800, in addition to the cost of metering, noted at $300. The Clean Energy 
Council, 2012, Consumer guide for household PV systems, suggests a range of $5,000 to 
$9,000 (CEC, 2012). To be consistent with retail PV module costs, $7000 plus $300 
metering will be used for this exercise.  
          
b/ PVT for PV substitution 
Discreet PV module costs have been sourced from the internet, tabulated against rated peak 
watts (Wp) and price variance, details can be found in Appendix 4. PVT module pricing 
has been addressed in Section 3.6.   
 
Minimum cost of PV module sourced 200 Wp    $1.58/Wp 
Minimum cost of PVT module using mean pricing     $3.20/Wp 
Remove PV 3000Wp x $1.58/Wp      -$4,740 
Replace with PVT 3000 Wp  x  $3.20/Wp     $9,600 
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c/ Solar hot water system and miscellaneous 
System and parts costs were discussed with three commercial suppliers: 
 Superior Solar, Newcastle – supply and install PV grid and SHW systems. 
 Solar Power, Newcastle – supply and install hot water systems. 
 Solar Online, Warners Bay – supply PV systems, grid and remote as well as parts.  
 
Identifying SHW system costs, January 2013: 
Evacuated 20 tube, 250 litre system, installed     $5,670 
Flat plate 4m
2
 250 litre system, installed     $4,790 
 
Individual components       
1/ 250 litre hot water storage tank         $900 
2/ Pump, controller and miscellaneous parts     $500 
3/ Installation labour       $1,850 
4/ Grid feed inverter, Xantrex GT2.8 – 2.8 kW AC   $1,950 
 
  Residual heat dissipation to the atmosphere is modelled  
on an uninsulated storage tank with control valve, estimate  $450  
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d/ PVT system assembly summary 
PV grid system 3 kWp       $7,000 
Metering        $300 
Remove conventional modules     -$4,740 
Replace with PVT modules      $9,600 
250litre/4m
2
        $900 
Controls        $500 
Plumbing labour       $1,850 
 Heat dissipater        $450 
Total system cost       $15,860 
 
e/ PVT cost over PV 
Capital cost difference used to assert financial viability: 
PVT system capital  -    PV conventional system capital 
$15,860                    -         $7,300   =   $ 8,560  
 
f/ Electrical tariff price  
Feed-in-tariffs for three States, March 2013: 
NSW Gross export, Feed in tariff (IPART, 2012).     $ 0.08/kWh 
Victorian Net export, Feed in tariff (DPI, 2013).     $ 0.08/kWh 
Queensland, Net export, feed in tariff (DEWS, 2013)    $ 0.08/kWh 
Off-peak electricity (thermal) rate, NSW (Energy Australia, 2013)  $0.101/kWh   
Domestic electricity rate, NSW (Energy Australia, 2013)    $0.25/kWh 
 
NSW consumption rates will be applied to the Queensland and Victorian models. 
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g/ Small-scale Technology Certificate, STCs 
STC price was obtained from three trading groups, 20 April 2013: 
Green-bank Environmental       $34/STC 
Natural energy Group        $36/STC 
Green energy trading        $34/STC 
Average value, $35/STC are maintained for this exercise.  
 
Deeming periods: STCs account for 1 MWh of energy, they are calculated over a 
nominated deemed period, consequently multiplied by the STC market price to provide an 
upfront payment that offsets initial capital.  Deeming periods are:  
SHW      10 years 
PV grid connects systems  15 years 
 
 
h/ Net Present Value (NPV) details 
NPV analysis will adopt the following slightly increased rates on the referenced sources: 
Reference         Adopted value  
Discount rate, (Westpac, April 2013 investment rate 4%)  5.5% 
Consumer price index (ABS, 4
th
 quarter 2012, 2.6%)  2.8% 
 
System life expectancy      20 years 
PVT module (1m
2
), replacement     7 years   $505 
Storage tank, replacement       10 years  $900 
Inverter 3kW, replacement        15 years $1,950 
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3.7.2 Net Present Value analysis 
 
For the three regions, Table 3.7.2.1 summarises the electrical energy in excess of a 3 kW 
conventional PV system (considered as the base case). It tabulates under a FiT of $0.08 
and self-consumption of $0.25, the system payback in years is provided alongside the NPV 
for a 20 year life. 
 
Two thermal situations are considered (off-peak electric rate). Firstly domestic, utilising 
only 4m
2
 of collector to provide 113 litres/day of heated water, with the remaining heat 
energy dispersed to the atmosphere. Secondly, a larger residential or commercial system is 
assumed, that totally consumes thermal output extracted from the 19m
2
 of PVT modules. A 
populated NPV Excel sheet for Cairns can be found in Appendix 5. 
 
Table 3.7.2.1 Energy, payback and NPV for three regions (3kWe) 
 
Rate $ / kWh $0.080 $0.250
FiT Self-consumption
Payback period Payback period
kWh / yr in years NPV 20 yr in years NPV 20 yr
Cairns
Electrical excess 953        
Thermal total 11,032   
Domestic 4m2 19 $82 15 $4,347
Commercial 19m2 4 $26,275 4 $30,541
Sydney 
Electrical excess 882        
Thermal total 9,714     
Domestic 4m2 23 -$945 15 $3,003
Commercial 19m2 5 $22,143 4 $26,092
Melbourne
Electrical excess 873
Thermal total 9,053
Domestic 4m2 25 -$1,396 15 $2,527
Commercial 19m2 5 $20,116 5 $24,039
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3.8 Discussion 
 
Results in Table 3.5.4.1 describe electric PVT generation with defined energy (kWh) 
increases over conventional PV for the three regions.  Percentage increases are highest 
during summer that conveniently coincides with the higher solar irradiation.  The average 
increase for all three regions centres around 119%. This offers an absolute 2.5% gain on 
conventional PV operating at 12%.  
 
Thermally, the PVT supplies 65% of the energy to that of its dedicated thermal 
counterpart, an anticipated and accepted value relative to the programmed parameters. 
Numerical prediction of tank temperatures indicate acceptable values for Sydney and 
Cairns, however the temperatures would be considered low for Melbourne’s winter.   
 
Initially it was considered that increases in electrical yield would adequately provide a 
rapid repayment. However, the NPV results as shown in Table 3.7.2.1 suggest a very 
different outcome. The 15 year payback under the self-consumption scenario, in 
conjunction with the 20% thermal usage, places considerable doubt as to market 
acceptance.  
 
In comparison, the larger residential or commercial situation using the total thermal energy 
offer a substantive improvement to five years along with a favourable 20 year NPV. 
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4 Phase Change Materials  
4.1 Phase Change Material uses 
 
All homogeneous solids, on the application of heat will at a defined temperature undergo a 
physical change to a liquid. If the absorbed heat is extracted, the material will revert back 
to its solid form. The amount of latent (thermal) energy absorbed or dispersed is far greater 
than the energy needed to raise or lower the same quantity of material one degree in its 
solid or liquid state. Materials used at appropriate temperatures for their latent heat 
property are referred to as phase change materials or PCM. An example is that of a plastic 
cold pack, frozen in the domestic refrigerator, then used to keep food cold within an 
insulated ice box.  
 
PCMs have been successfully used for the absorption and time shift of thermal energy 
within building systems either as a homogenous thermal storage material or as an 
impregnated material in porous building fabrics, such as plaster walls or building blocks 
(Tyagi et al, 2005, pp1152-1157) (Zalba et al. 2003, pp271-272).  Used in both heating and 
cooling modes, in particular within the air-conditioning and refrigeration fields, one 
technique utilises nightly off-peak electric power for solidification of the PCM. It is then 
used for cooling purposes during the day when electric power is at a premium. 
Alternatively, the design may call for the absorption of daytime heat that is dissipated to 
the atmosphere during the cooler night period, thus providing a financial incentive for its 
engineered use (Zalba et al. 2003, 272).   
 
Used in conjunction with PVTs, the iso-thermal temperature profile associated with latent 
heat provides a logical design step to sustain a lower PV module temperature. While its 
application will depend on many factors, the main objective will be to disperse the stored 
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heat throughout the course of the oncoming night. If it can be used to provide thermal 
energy under controlled circumstances for secondary applications, it aids a further 
economic incentive for its use (Huang et al. 2006, 1122). 
 
Literature that will lead to a conceptual design of a PVT system with PCM thermal storage 
will be the main focus. The resulting model will be programmed directly in conjunction 
with the PVT model described in Section 3, to provide values that suggest improvements 
or indicate further investigation in a given direction. 
 
 
4.2 PCM characteristics and selection decisions 
 
There is considerable merit in associating PCMs with the PVT system. Consider Duffie 
and Beckman’s summary in 1980 relating to conventional SHW heating: 
 
“ … The phase change must be accompanied by a high latent heat effect and it must be 
reversible over a very large number of cycles without serious degradation. The phase 
change must occur with limited supercooling or superheating and means must be available 
to contain the material and transfer heat into and out of it. Finally, the cost of the material 
and its containers must be reasonable. If these criteria can be met, phase-change energy 
storage can have high capacities (relative to energy storage in specific heat type systems) 
when operated over a small temperature range, with relatively low volume and weight.” 
(Duffie et al. 1980, 342). 
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PCMs are commercially available in two distinct primary chemical groups, the organics 
and in-organics. Eutectic mixtures of the primary chemicals comprise the third group. A 
brief outline of these groups follows.  
 
1/ Organics 
The heavier alkanes or paraffins of form         and the non-paraffins are self-nucleating 
at solidification and have non corrosive properties. A few examples are cited from Tyagi et 
al. 2007. 
Table 4.2.1 Examples of organic PCMs (Source, Tyagi et al, 2007) 
 
 
2/ Non-organics 
These constitute the salt hydrate solutions and the metallics which are of lower cost. There 
have been various design concerns that include cyclic fatigue that disassociates the hydrate 
which eventually stratifies and changes the concentration, in particular calcium chloride 
hexa-hydrate (Carlsson, 2008, 486). Supercooling is required to initiate particle nucleation 
for the solid to form and metal container corrosion is a concern. These have through 
developments been overcome by an assortment of techniques including the use of 
thickening agents to stop stratification movement and nucleating compounds to trigger 
solidification. Table 4.2.2 lists a few examples (Feilchenfeld et al., 1985, 130). 
Table 4.2.2 Examples of in-organic PCMs (Source Zalba et al. 2003) 
 
 
Compound Tmelt 
o
C Latent heat kJ/kg
butyl stearate 19.0 140.0
paraffin C13 -C24 20-14 189.0
capric acid 32.0 15.7
Compound Tmelt 
o
C Latent heat kJ/kg
KF. 4H2O 18.5 231.0
CaCl2. 6H20 29.0 190.8
MgCl2. 6H2O 117.0 168.6
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3/ Eutectics  
If a proportional mixture of the primary compounds is made, there is the distinct feature 
that at a particular ratio the liquid is able to change to a solid without going through a 
binary phase, therefore behaving as a normal PCM. An example of a non-organic mixture 
is  
66.6%               +     33.3%              
Resulting in a melt temperature of 25 
o
C with latent heat of 127 kJ/kg, illustrated in  
Figure 4.2.1 (Zalba et al. 2003, 258). 
 
Figure 4.2.1  Eutectic diagram of magnesium chloride hexa-hydrate and calcium chloride 
hexa-hydrate (Source Zalba et al. 2003, 258) 
 
 
For use with a PVT system, PCM selection is very dependent on the ambient temperature, 
which influences the melt/solidification point. If the thermal energy is to be dispersed in 
preparation for the next day’s cycle, the difference between melt temperature and ambient 
in conjunction with the time available, will govern whether all the material will solidify. 
As ambient temperature cycles throughout the year, there is a need to define a PCM melt 
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temperature that will optimise the yearly PVT/PCM operation.  Increased insolation during 
summer would necessitate either a higher melt temperature or an increased PCM quantity. 
For example, a PVT system used in conjunction with a PCM of 23 
o
C melt may perform 
well during a Sydney winter but would mostly be in a liquid state during summer. 
Alternatively, it may be in a liquid state continuously if it were used in Darwin (Sandners, 
2003, 21). 
 
The thermal conductivity of these materials in solid form is very low, in order of   0.15 
W/m.K for commercial paraffin wax with a melting point of 52 
o
C through to 2.1 W/m.K 
for stearic acid with melt point of 42 
o
C (Agyenim et al, 2010, 618). For comparative 
purposes, mild steel conducts at the rate of 46 W/m.K.  In addressing this issue, an increase 
in surface area from which thermal transfer to the HTF can be made with the PCM is 
required. Designs include fin assemblies, multi-tube systems, interconnected metal rings, 
encapsulation of the PCM in relatively small balls, graphite embodiment and other 
techniques. Agyneim et al. look at this topic with considerable detail and reference various 
studies in this area (Agyneim et al, 2010, 621). 
 
In relation to non-conventional containment, Hausler et al. in the second of their three 
experiments illustrated the issue of encapsulating calcium chloride hex-hydrate 
(CaCl2.6H2O) within a copper container. Over a period of a few weeks they observed that 
the thermal cycling led to corrosion and fatigue, destroying the seal (Hausler et al, 2000, 
226).  
 
In contemplation of these design limitations a personal communication with Phase Change 
Products Pty Ltd in Perth, provided particular answers to the issues. Contemporary design 
places the (non-organic) PCM inside sealed plastic packets with relative long length to its 
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width. This format allows expansion/contraction along the longitudinal length which 
avoids fatigue failure and spillage. The mixtures do not suffer from stratification nor are 
they toxic should a breakage occur (Coakley, 2013). 
 
 
4.3 PVT- PCM development literature review 
 
In determining what aspects will best suit a commercial design that will house a PCM and  
then allow potable water to be heated, four articles related  various approaches that 
presented an evolution of system design. 
 
Hausler et al. in 2000 undertook three experiments, with subsequent designs demonstrating 
considerable improvement. The first consisted of a glass container positioned against the 
Tedlar of a PV module. Water was used as the HTF and polyethylene balls containing 
CaCl2.6H2O as the PCM were immersed in the assembly represented in Figure 4.3.1. The 
authors noted that very poor thermal conductivity saw the demise of this concept. 
 
Figure 4.3.1 Hausler’s first experiment (Courtesy, Hausler et al. 2000) 
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The second attempt removed one side of the glass aquarium and was replaced by the 
module’s rear Tedlar surface. The CaCl2.6H2O was hermetically sealed in copper 
containers and placed in the water used as the HTF.  In time the copper and PCM reacted 
and destroyed the packaging system. Whilst operational, the heat transfer from PCM to 
HTF was considered satisfactory. 
 
 Hausler’s third system (Figure 4.3.2) entailed the adhesion of the silicon cells to an 
aluminium absorber face that formed one side of the tank housing the PCM. Water as the 
HTF was circulated through a serpentine copper tube. 
 
 
Figure 4.3.2   Hausler’s third experiment (Courtesy, Haulser et al. 2000) 
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Hausler notes a 7% electrical and 62 % thermal efficiency, with collector outlet 
temperature, no greater than 25 
o
C using a Rubitherm RT 25 PCM that melts at 24 
o
C. 
There is an unsubstantiated reference to a “15% - 30%”   increase in electrical power 
(Hausler, 2000, p2267). 
 
Sandners in 2003 presented his research paper describing an experiment where a 1000 litre 
cubic vessel was filled to 50% with Mitsubishi Chemical PCM-47 balls of the eutectoid 
sodium acetate tri-hydrate, with a melt point of 47 – 50 oC, (Figure 4.3.3). In pursuit of 
PVT development, it was aimed at how the PCM would function on a larger scale. 
Sandners used a regulated external heat source and consequently dispersed the stored 
energy to the atmosphere. He was able to demonstrate that in this specific set of conditions, 
an increase of 170% was possible in thermal storage relative to water alone while at the 
same time observing different thermal charge and discharge rates (Sandners, 2003, 78). 
 
 
Figure 4.3.3 One cubic metre vessel with, heat exchanger on left, PCM balls on right and 
temperature probe positioning (Courtesy, Sandners 2003) 
 
Compared to Hausler et al.’s PCM ball experiment in 2000 that was hindered by the glass 
insulation and did not elaborate on the PCM/water thermal storage characteristics, 
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Sandners was able to successfully demonstrate that PCM balls in the HTF would provide a 
workable solution.   
 
Agyenim et al. in 2008 investigated materials and problem formulation of thermal storage 
systems and provides considerable design application detail. In relation to heat transfer into 
and out of the PCM, their recommendation was for multiple HTF tubes within a container 
holding a body of PCM. This format experimentally confirmed a shorter melt period given 
the thinner sections of PCM possible with this design. Consequently, this also allowed a 
higher charge and discharge energy cycle as the HTF passed the heat to the PCM and was 
not resident on the outer container wall enabling continuous heat loss to the environment 
(Agyenim et al. 2010, pp617-619). 
  
Bouzoukas in 2008,  makes reference to modelling of PVT/PCM system on TRNSYS 
using the type 601 module (Bouzoukas, 2008, 279).  In a similar attempt to Hausler et al., 
it entailed a quantity of PCM contained in a rectangular copper container placed 
immediately on the back of the PV module. With a 28 
o
C melt temperature, through one 
and three day simulations, an electrical energy increase of 14% on a regular PV module 
was recorded (Bouzoukas, 2008, pp291-295).  
Bouzoukas then constructed an experiment using a 400mm x 400mm PV module with a 
370mm x 370mm x 30mm copper shell filled with a PlusICE (UK) A28 PCM.  In his 
initial experiment, direct contact of the copper to the Tedlar allowed a 3% electrical 
efficiency. Application of thermal transfer paste improved this value to 3.5% representing 
an increase of 16%, thus successfully validating the TRNSYS simulation. Bouzoukas’ 
experimental results are shown in Figure 4.3.4. The upper curve uses thermal paste to 
improve thermal conductivity, consequently portraying a shorter melt time at the higher 
3.5% efficiency. Noted by the author, this time reduction being representative of a 
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restricted PCM volume relative to incoming solar energy. Bouzoukas comments that this 
heat should be used in domestic items including water and space preheat and the heating of 
recreational pools (Bouzoukas, 2008, pp296-301).     
 
Figure. 4.3.4   PV module electric yield vs. time, lower flat curve of inferior heat transfer 
properties. Upper “S” curve employs heat transfer paste (Courtesy, Bouzoukas 2008) 
 
 
The following is a summary of the main criterion derived from these examples: Agyenim 
et al. emphasised the thermal advantages of the PCM surrounding the HTF. Consequently 
Hausler et al.  and Bouzoukas demonstrate this design with direct contact of the PCM to 
the PV module along with piped circulating water. These models are contrived using a 
singular and costly experimental construction, suited for the experimental purposes 
intended. For residential viability, commercial production items will be mandatory in 
providing a lower cost. This distinction is reflected in Sandners’ simpler and successful 
demonstration of PCM in water. 
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4.4 PCM suppliers 
 
Agyenim et al. 2010 provides a list of international PCM manufacturers. Unlike the PVT 
module, material is readily available, and a short list of internet cited suppliers follows: 
 
Rubitherm GmbH  Germany 
Climator AB Sweden 
Mitsubishi Chemical Japan 
Cristopia Energy Systems France 
PCM Energy P. Ltd. India 
PCP Pty Ltd  Australia 
PC Ice  United Kingdom 
 
The technology has grown in conjunction with energy trends over the last few decades. 
This has been on account of the increased awareness of the benefits in using the time shift 
of energy usage, either by using low cost off-peak electric power or daily solar availability 
to cool or warm the material and subsequently releasing the materials thermal condition at 
the different times needed to perform the necessary functions.    
 
Personal communication with Phase Change Products Pty Ltd in Perth provided 
information indicative of their product range. In particular is the use of salt hydrates, that 
are hermetically sealed in plastic envelopes and have seen no ill effects in the course of 
production/installation within the air-conditioning and thermal storage fields. At the same 
time it was mentioned that none of the known issues, supercooling or stratification, occur 
with their product. Packaging entails a sealed plastic container 860mm x 200 mm x 20mm 
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roughly 3.4 litres. Price at January was, 2013, $30 to $40 per unit dependent on melt 
temperature (Coakley, 2013). 
 
4.5 Design concept and model  
 
Commercially sourced PVT modules using small (12 – 20mm) diameter riser tubes allow 
low viscosity fluids such as water to circulate and remove heat. To employ Agyenim et 
al.’s recommendations (section 4.3), would use the PCM as the HTF within the PV/T and 
storage tank. This is not considered practical as the diurnal heating cycle will see the 
material in the module melt and increase the local riser pressure, whilst the connecting tube 
and storage tank would remain solid.  
 
In modelling, a PVT module using potable water as the HTF and heating the storage tank 
containing the PCM packets will be considered. Thermosiphoning would be desirable, 
however Morrison et al cited Mau-Sun Ho’s 1977 experimental results that graphically 
indicated thermosiphoning was related to irradiance, resulting in low flow during the 
morning and evening periods (Morrison et al 1980 pp192-193). Pumped flow was also 
demonstrated by Teo et al. eventually reaching a point of nil heat extraction and the 
thermal efficiency plateaus (Teo et al. 2012, pp313-314).  
 
A pumped system is therefore assumed, that is only effective during sunny periods of the 
day, where the flow may be changed without concern of other system characteristics 
changing. Pumping power is assumed negligible relative to the system’s energy yield and 
is not considered in the simulation. Under a closed loop circuit, the pump is used to 
overcome dynamic head losses and provide higher flow rates to thermosiphoning. In doing 
so, the storage tank may be placed at ground level which aids service and review.    
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From a practical perspective of HTF flow around the PCM and allowance for brackets that 
support the PCM packets, the PCM volume contained within the tank will be limited to 
60%. A pictorial representation is shown in Figure 4.5.1. 
 
 
 
Figure 4.5.1 Concept illustration of PVT with storage tank and PCM  
(Source, Kourvisianos 2013) 
 
 
 
 
 
 
 
 
58 
4.6  Simulation Model 
 
Based on the model outlined in the previous section, a programme has been written to 
work in conjunction with the Florschuetz expressions explained in Section 3.5 and based 
on the following assumptions: 
 the PCM packets within the storage tank are homogenous: 
 does not dwell into conditions at the phase change front, (assumes that melt is even 
throughout the packet): 
 direct energy exchange between the PVT collector and the thermal capacity made 
up of the PCM’s latent heat and sensible heat in the water that also provides the 
system’s HTF (Agyenim, 2010, 626).  
  
The programme accepts the following PCM property data enabling different materials to 
be investigated: 
  
1/ PCM used, % of tank volume   % 
2/ solid phase specific heat   J/kg.K 
3/ density solid     kg/m
3
 
4/ melt/solidification temperature 
o
C 
5/ latent heat     J/kg 
6/ liquid phase specific heat   J/kg.K 
7/ density liquid     kg/m
3
 
 
Referring to the nomenclature for explanation of the various symbols used, the programme 
background simplifications that lead to incremental change in temperature dT are: 
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1/ when mean tank temperature < PCM melt temperature       
use the solid PCM specific heat 
     
   
                       )    
                      ) 
    (4.6.1) 
 
2/ when PCM solid  mass > 0     and   tank mean temperature > PCM melt temperature 
use latent heat associated with iso-thermal temperature 
            (4.6.2) 
 
3/ when PCM liquid mass = 0  
use the liquid PCM specific heat 
     
   
                       )    
                       ) 
    (4.6.3) 
 
The programme operates on BOM’s data for solar irradiation and ambient temperature.  
 
dt is the time period between data samples. Percentage PCM of tank volume is subtracted 
from the tank capacity resulting in total water capacity used in the system. 
 
The dT expression keeps track of these continuous changes and moves from PCM solid to 
mixed phase to liquid depending on the algorithm.  
 
Tci, the collector inlet temperature is updated in the subsequent row by adding the previous 
Tci  and dT values, where “n” is the current Excel row being calculated and “n-1” the 
previous  
                       (4.6.4) 
 
60 
4.7   Simulation using Sydney data, 1993 
 
One simulation was undertaken using Sydney airport 1993 data. A datum of zero PCM 
representing a water storage system is used, then three steps of 20% increases are used to 
model the system. Characteristics for a 4m
2 
system with a 250 litre tank, and daily 113 
litres of hot water usage, indicative of a residential SHW installation and programming 
variables can be found in Appendix 3.  
 
Phase Change Products’ PC29 was used to characterise the change in response of the PVT-
PCM system with the following values: 
 
Cps solid   1,430 J/kg.K  
Density solid  1,710 kg/m
3
  
T melt   29 
o
C 
Lh      188,000 J/kg  
Cps liquid J/kg.K  2,310 J/kg.K  
Density liquid  1,580 kg/m
3
 
 
Storage tank simulated temperatures resulting from stepped percentage increases in PCM 
are represented for January and July 1993 in Figure 4.7.1. - Figure 4.7.4.   Figure 4.7.5 
graphs tank temperature against month for the four stepped quantities of PCM. 
Consequently electric yield is graphed against month in Figure 4.7.6 for the variation in 
PCM quantity.  
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Figure 4.7.1 Tank temperature vs. day of month, No PCM, January and July 1993 
 
Figure 4.7.2 Tank temperature vs. day of month, 20% PCM melt 29
o
C, January and July 1993 
 
Figure 4.7.3 Tank temperature vs. day of month, 40% PCM melt 29
o
C, January and July 1993 
 
Figure 4.7.4 Tank temperature vs. day of month, 60% PCM melt 29
o
C, January and July 1993 
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Figure 4.7.5.  Average tank temperature vs. month, varying PCM % 
using PC29, melt temp 29 
o
C 
 
 
 
 
Figure 4.7.6.  Percentage yield in excess of PV vs. month, varying PCM % 
using PC29, melt temp 29 
o
C 
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4.8 Discussion 
 
Lowering the PVT-PCM system temperature by increasing PCM quantity has been 
simulated and displayed for January and July 1993 in Figures 4.7.1 - 4.7.4.  
 
The month of January 1993 provided a temperature range that witnessed the PCM in 
mostly in the liquid phase. However, as the percentage of PCM is increased the average 
monthly along with the average daily peak temperatures fall. Providing congenial 
conditions to electric generation than water alone. 
 
The month of July 1993 represents a result indicative of low insolation relative to the 
systems PCM quantity. When no PCM is used the diurnal temperature peaks approach 45 
o
C in conjunction with a mean monthly temperature of 31 
o
C. Replacing 20% of the tank 
water with PCM, lowers the tank temperature below the compounds melt point, with a 
monthly average of 26.6 
o
C, the next two 20%  steps had no effect. 
 
With these clear results in modelling stabilised PVT module temperature, it warranted an 
electric yield increase.  Although Figure 4.7.5 demonstrates successive temperature 
reduction over the year for a stepped range of PCM quantities, Figure 4.7.6.  clearly 
displays a decrease in electric yield.  This has been attributed to a programming fault that 
allowed the qe_pure value (conventional PV module) to increase with temperature.  
 
This inconclusive result acknowledges the success of the PCM programme whilst opening 
an opportunity to review and rewrite the PVT element.  
 
64 
In answering the second question posed by this paper, numerical modelling has 
demonstrated PVT–PCM temperature reductions. This is subject to seasonal variations 
affecting the solid-liquid phase of the PCM. The programme was unable to successfully 
determine electric yield increase as a result of the stabilised lower temperatures. Therefore 
it was not possible to undertake a NPV analysis to establish financial viability. It is 
however considered doubtful that the energy gains will provide sufficient investment 
return over the added hardware cost on which to justify Australian residential level 
deployment. 
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5  Recommendations  
 
Public awareness 
 
The research and personal communications with suppliers was indicative of an industry not 
being aware of the existence of PVT products. This was quantified by there being only one 
supplier in the process of importing modules to Australia.  
 
Increased promotion of product and technology would lead to importation and usage, 
opening up avenues for innovation and augmenting the PVT system, thereby, allowing a 
progressive reduction of system and installation costs.  
 
PVT application review 
 
a/ A long investment return period is considered one barrier that would deter the 
interested person in the pursuit of the technology. It is simpler, more effective and lower 
priced to procure separate PV grid and SHW systems and run them concurrently. 
Alternatively, a system may employ the number of PVT modules to serve the thermal 
mode of a domestic dwelling, in the range of 4 to 6 m
2
. The remaining modules would be 
conventional PV units matched to the PVT photo-voltaic characteristics.  
 
b/ The thermal energy available, should not be passed over because of its lower 
thermal quality. This particularly applies to the colder regions. In endeavouring to make 
PVT viable, consideration should be given to its direct use in the northern Australian 
regions or as preheat to fossil boosted hot water in the southern colder locations. 
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c/ The NPV was evaluated with the (un-realistic) notion that all thermal energy is 
utilised. To take this to the market would best suit appropriate targeting of industrial and 
commercial sectors where thermal energy is mandatory to their operation.  Suggestions 
include public pools using natural gas, public or private laundry service providers and food 
manufacturers.  
 
d/ The immediate use of PV generated DC power for boosting the temperature of the 
PVT hot water storage. Current practice uses either electric or preferred natural gas 
boosting.  Using the PV DC power directly in conjunction with the thermal output, opens 
an opportunity to reduce losses, consequently, switching back to the grid at the end of the 
heating cycle. Further work would be required to ascertain viability.  
  
. 
PCM application to PVT 
As this strategy resides outside credible financial justification, there remain opportunities 
to further develop the concept with continued efforts simplifying the design and reducing 
cost. One of the main hindrances has been the added equipment necessary to displace the 
stored latent heat during the night in preparation for the next day’s cycle. Although this has 
been mentioned in most cited articles, there has been no subjective effort in considering a 
solution. The simulation programme was able to identify this problem early in its 
development, remedied by a programme step that reset the PCM solid mass at midnight; it 
does not however, allow for water temperature lowering which is evaluated as a function 
of heat loss from the insulated tank. Without this, the tank temperature continued to rise 
without bounds. Putting this into practice on a diurnal basis requires additional capital and 
simply adds to the present a design barrier. However a workable solution will be required 
to allow progression of the PCM-PVT union.   
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One suggestion considered during this research, was the use of a separate HTF tank with 
no insulation, allowing convection to displace the unwanted heat as illustrated in Figure 
5.1.  The normal PCM resides within the insulated storage tank as discussed in Section 4.5. 
The auxiliary tank is connected through a timed gate valve allowing natural thermo-
siphoning or forced pump flow to move the heated water into the uninsulated vessel.  
 
 
Figure 5.1 Heat dissipater as auxiliary to PCM temperature control system 
 (Source, Kourvisianos 2013) 
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6   Conclusions 
 
The first objective of this research paper was to bring together information on which a 
working PVT system could be conceptually assembled, costed and assessed in an NPV 
analysis and so consider Australian market possibilities. The second objective was to 
investigate integration of PCM with PVT in regulating temperature and whether this 
development provided any advantage in marketing. 
 
PVT 
 
Government policy was reviewed to understand what mechanisms are in place to aid the 
introduction of the co-generation system. Federal Government support through the 
provision of STCs for both SHW and PV generation, in addition to the state and territory’s 
supporting PV with a low price FiT was acknowledged. Other policy initiatives provided 
for the replacement of ESWH with solar equipment on which a rebate was paid but almost 
all these schemes have been phased out. The legacy of this has provided for public 
awareness as well as allowing various gaps in state and territory markets to apply the dual 
function of the PVT system.  
 
Each State’s position relative to solar resource, population (markets) and identified 
quantity of replaceable ESWH was reviewed. Marketing in the colder southerly regions 
would need to promote the PVT module as a preheat mechanism. The northern regions 
would benefit from the system directly for thermal needs and on both accounts the 
electrical output would provide a further incentive. An inherit benefit was observed with 
States that maintain high percentages of replaceable ESWH systems, as this provided an 
operative market opportunity. 
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Queensland was considered the most opportune with higher insolation, considerable 
market potential share and a large percentage of ESWH.  NSW had similar characteristics 
yet less insolation. South Australia with relatively low SHW base was considered 
appropriate for PVT thermal mode as this would take advantage of the replaceable ESWH 
units whilst using reticulated natural gas for temperature boost. Combination factors of the 
other states did not provide any additional benefits on which to base deployment. 
 
A closer look at the PVT module pursued, its physical design, shortcomings and 
international suppliers was noted. Florschuetz’s expressions provided the basis for the 
interrelationship between electrical and thermal energy and made provision for changing 
variables. Used to numerically model operation, the details were explained indicating 
anomalies and assumptions that would be used.  
 
An Excel programme was written that incorporated PVT operation and thermal storage in 
conjunction with a PCM. Meteorological data for Cairns, Sydney and Melbourne 
comprising solar irradiance and ambient temperature for a one year period was used for the 
simulation.   
 
From this, electrically Melbourne offered an increase from  8% in winter to 30% during 
summer., Cairns was indicative of lower latitudes with 15% increase in winter rising to 
24% in summer. Sydney had values in between.  
 
Relative to the conventional SHW counterpart, all localities averaged a 65% thermal 
energy return, operating under the same conditions. Monthly mean tank temperatures 
followed electrical yield variation across the year.  
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A NPV analysis used the domestic electricity price when evaluating self-consumption and 
the state feed in tariff when exporting to the grid. Off-peak electricity cost was applied to 
the thermal energy consumption. The price of STCs for the appropriate deemed periods 
were applied to reduce the initial capital.  
 
Payback periods using FiT and a domestic level of thermal energy for Melbourne, Sydney 
and Cairns respectively came to 25, 23 and 19 years.  If the electrical energy was totally 
consumed and not exported, using the domestic rate improved the period to 15 years for all 
three regions. This was considered beyond marketable expectations for residential 
deployment. Varying the situation to a larger residential or commercial option that would 
consume all thermal and electrical energy, the numbers dramatically changed to 5 years in 
Melbourne and 4 years in both Sydney and Cairns.  
 
The first question posed by this paper could now be answered. Presently there are no 
commercial PVT systems available in Australia. Therefore, the necessity to use discreet 
components in system assembly induces higher costs. Summing the incentives and using 
cost of consumption rather than FiT requires a 15 years payback in all regions which is not 
considered marketable. Placing the PVT system where all thermal energy can be 
consumed, the payback reduces to a 4 to 5 year period and suggests marketable 
circumstances. 
 
PCM  
 
The second question of augmenting the PVT system with the addition of PCM in 
stabilising the temperature was addressed by reviewing technical literature focusing on 
characteristics and design issues of PCM systems.  It was shown that the concept had to 
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move away from optimum component usage to allow for function and financial viability. 
Nevertheless, it was still considered that the estimated extra costs of materials placed this 
design further away from residential deployment than the initial PVT system.  
 
The simulation attempted to answer whether PCM use would accommodate lower PVT 
temperatures and increase the electric energy yield. Lower temperatures were successfully 
demonstrated with monthly graphs providing stabilised and reduced temperatures. 
However electric energy yield did not follow the anticipated increase derived from these 
lower temperatures. It has been suggested that a programming error has arisen that has left 
this work inconclusive. 
 
As with the PVT, the problem is not the heat extraction and storage but the requirement of 
auxiliary equipment from which excess heat is dispersed before morning in preparation for 
the next day’s cycle. This design attribute is not adequately addressed in the literature 
cited. It therefore remains as an objective of further work to evaluate the use or 
displacement of this opportune resource. 
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Appendices 
Appendix 1  
PV module temperature testing and correlation 
Results of physical tests undertaken to correlate three expressions, citing Lasnier and Ang, 
Monsour and Kou et al. relative to irradiance, ambient and mono-crystalline PV module 
glass temperature. Measurements undertaken between December 2012 and January 2013, 
listed in ascending or of irradiance. 
 
Table A.1 Mono-crystalline PV module surface  
temperature correlated to irradiance and ambient temperature 
 
 
 
Gt W/m
2
Ambient 
temperatue
Glass 
temperatue
Lasnier 
and Ang Error Monsour Error Kou et al. Error
58 20.5 20.7 20.6 0.31% 22.3 -7.79% 21.9 -5.85%
59 20.5 20.7 20.7 0.23% 22.3 -7.94% 21.9 -5.97%
59 20.5 20.7 20.7 0.23% 22.3 -7.94% 21.9 -5.97%
253 26 45.4 30.3 33.22% 33.9 25.32% 30.8 32.21%
444 26.5 40.5 34.2 15.48% 40.4 0.31% 34.7 14.42%
484 26.5 40.6 34.9 13.97% 41.6 -2.52% 35.4 12.82%
468 26.5 39.6 34.7 12.50% 41.1 -3.85% 35.1 11.36%
468 26.5 40.6 34.7 14.66% 41.1 -1.29% 35.1 13.54%
481 27.5 36.6 36.0 1.59% 42.5 -16.21% 35.9 2.01%
481 27.5 36.6 36.0 1.59% 42.5 -16.21% 35.9 2.01%
471 27.5 35.3 35.8 -1.54% 42.2 -19.60% 35.7 -1.10%
508 28 38.0 37.1 2.47% 43.9 -15.46% 36.6 3.74%
508 28 38.0 37.1 2.47% 43.9 -15.46% 36.6 3.74%
370 29 40.0 35.8 10.54% 40.6 -1.41% 34.9 12.79%
370 29 40.0 35.8 10.54% 40.6 -1.41% 34.9 12.79%
370 29 40.0 35.8 10.54% 40.6 -1.41% 34.9 12.79%
734 31 49.1 44.4 9.50% 53.9 -9.85% 41.2 16.07%
933 32 57.5 49.1 14.68% 61.2 -6.36% 44.1 23.39%
934 32 57.5 49.1 14.65% 61.2 -6.41% 44.1 23.37%
934 32 57.5 49.1 14.65% 61.2 -6.41% 44.1 23.37%
867 34 63.2 50.2 20.60% 61.1 3.33% 43.5 31.21%
867 34 58.3 50.2 13.92% 61.1 -4.79% 43.5 25.43%
867 34 60.8 50.2 17.46% 61.1 -0.48% 43.5 28.49%
867 34 60.8 50.2 17.46% 61.1 -0.48% 43.5 28.49%
950 44 77.0 63.0 18.14% 73.7 4.30% 44.9 41.63%
950 44 82.2 63.0 23.32% 73.7 10.36% 44.9 45.32%
949 44 77.0 63.0 18.16% 73.7 4.34% 44.9 41.63%
949 44 82.2 63.0 23.34% 73.7 10.39% 44.9 45.32%
949 44 77.0 63.0 18.16% 73.7 4.34% 44.9 41.63%
average % error 12.17% -3.12% 18.30%
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Appendix 2   
Florschuetz model, system thermal loss and PCM variables 
This appendix provides a brief description of the input variables and calculation algorithm 
used in the simulation programme. 
 
Variable names are presented as they appear in the Excel programmes not using subscripts.  
 
1/ Input variables sheet 
Arranged from left to right, the programme requests parameters in the following sequence: 
 
UL_calculation heat loss values for the front and rear sides of the PVT module 
Thermal details PVT thermal properties  
PV elec details  PV properties  
Connecting tube  single pipe used for all simulated heat losses 
Tank   similar to the tube 
PCM   phase change material properties 
Water usage daily hot water usage 
Tfi monthly tank inlet water temperature, referencing AS 4234  
Table A6 
 
Beneath the input variables, tabulation of the monthly average values. 
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2/ Monthly simulation sheets 
Assumptions made in the calculation are highlighted with notes. 
Note 1. First line provides a “cold start” at midnight on the first day, various values are 
either set or equated to zero: 
 Tank filling with fresh cold water of a temperature prevalent to that month;  
 All q values (Joules), the energy received and thermal losses are set to zero; 
 PCM is set to total solid mass (reset every midnight, see text under PCM_t). 
 
Note 2.  Calculating from left to right, resulting in an incremental change in d T, that is 
used by Tci in the next row to progress the iteration. After the “cold start” row, the 
expressions are identical in each column for the remaining simulation. 
 
First column: meteorological data entry. 
Incident energy on horizontal plane for sample time interval:  MJ/m
2
.30min 
Second column: date and time stamp:      time 
Third column: calculates irradiance in W/m
2:
     G_hor 
Fourth column: calculate the irradiation for the interval in Wh:  d H_hor 
Fifth column: meteorological data entry. 
Ambient temperature:       Ta 
 
Consequently, the programme proceeds: 
        
     
     )
          
Simplified expression to calculate incremental irradiation on the tilted 
surface, negating the more detailed calculations for diffuse and albedo 
radiation.  
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        )
      
  Tilted surface global irradiance. 
              
  Absorbed solar energy.   
 
           
 
 
         
Modified overall heat loss term.  
 
             
  
   
         )    
PV module glass surface temperature.  
 
          = 
{[(            )(           –            ) (                    )]    [             )          ]   }
[                            ]
Collector inlet water temperature for the       iteration, made up of the 
following:  
  1/ an existing fraction of heated water m_w 
  2/ fresh water fraction, cold temperature for the month T fi_month 
  3/ PCM fraction of either:  
a/ total solid form, temperature is below the PCM melt temperature; 
   b/ partial solid form, the temperature is at the melt temp; 
    c/ liquid form, the temperature is above melt temp. 
 
A series of “if” statements allow differentiation, between the expressions 
using solid or liquid Cp values for the PCM.  
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                              )           ]
       
 
 
 PVT collector outlet temperature results from adding absorbed solar energy 
to inlet internal energy at      and evaluating for       . 
  Note 3.  Cp = specific heat of water 
 
      
           )
 
 
  Mean collector temperature. 
 
                          
  Cell temperature under PVT operating conditions. 
 
 
                               )) 
Efficiency at ambient conditions as a function of            
 
             
    
 
) 
  Modified expression for absorbed solar thermal energy. 
 
              
                )
       
      
Conventional thermal collector     uses different values, yet has the same 
format as the PVT Tco. 
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               )
 
 
  Mean thermal collector absorber temperature. 
 
                            )        ]) 
Conventional thermal collector output (W)   x    time difference (Joules). 
 
                                      ))        ]) 
PVT thermal output (W) x time difference (Joules). 
 
       
    
 
 
        
    
    
                 ]   
     
      
          ] )          ]) 
  PVT electric output (W) x time difference (Joules). 
 
Note 4:       in second term, this may be toggled in the input_variable 
sheet. 
 
            
 
 
                     
  )           ]) 
  Common PV module, recognising that γ is negative (Joules). 
 
                              )         ]) 
Heat loss from the top and bottom collector connecting tubes, are modelled 
as a single unit. The length is a function of the number of m
2
 of collector.   
The collector outlet temperature, Tco_pvt, is used for the fluid temperature 
along the length of the pipe, the loss may be reduced by adjusting 
conductivity and convective losses in the input_variable sheet (Joules). 
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 Final tank temperature during nth time period.  
  
      
            )
 
 
  Tank mean temperature for the n-th period. 
 
                                   )               )        ]) 
Tank losses from top and bottom disks and cylinder (Joules). 
 
                                   
Energy remaining in the nth period once tube and tank losses have been 
subtracted from PVT thermal gain. 
 
       Total PCM solid mass entered in the input_variable sheet, this is reset every 
midnight (refer Note 4). 
 
                     
         ) 
  
        (general format) 
  The mass of the solid PCM is dependent on whether:  
  1/ tank temperature is under PCM melt temperature:               
2/   if above or at melt temperature: above expression is employed to 
reduce the solid mass by the fraction melted using energy in the nth 
period. 
  3/  if all mass has melted:        = 0 
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Note 5: It is assumed that the heat absorbed by the PCM will be dispersed 
during the night, otherwise the temperature of the water will 
increase without bound. To account for this anomaly, at midnight 
        is reset to     . 
 
      
         )
             )
 
The incremental temperature dT is dependent on 3 conditions that are 
controlled by “if” statements: 
1/ If the mean tank temperature      is below PCM melt then dT is 
based on above expression where Cps is the specific heat capacity of 
the solid phase. 
2/ If above melt temperature and         is above zero then it is still 
melting and so dT = 0. 
3/ If         reaches zero, PCM is all liquid, sensible temperature rise 
using Cpl in place of Cps is used in the expression. 
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Appendix 3 
PVT-PCM input data  
Brief description of the “input_variable” data entry sheet in simulation programme. 
 
 
 
 
 
 
UL calculation
Top loss (glass) 5.7
Back & side  loss
k conductivity back and side 0.025
Use Ac= 4.0
Back thickness L (m) 0.035
Side width 0.050
Side thickness 0.02
U_back  = k/L 0.71
UA edge/Ac 0.125
UL = 6.54
Use this value as aid in final decision on UL.
Absorber (Si) to fluid conductance.
Uf  selection 45.0
Following calculations  used to evaluate Fr_bar.
Enter irradiance for solar noon  at locality.
G_hor 776
G_t 811.5
S 627.7
UL_bar 7.0
F'_bar 0.866
Fr_bar 0.858
81 
UL Accounts for glazing and collector box top glass loss.  
PVT has high emissivity on account of the silicon cells. (Duffie et al, 1980). 
Sides and rear insulation, use material with thickness L and conductivity k.  
Side thickness of 50mm used in this simulation. 
Intended as a guideline for a manual entry in the next section. Florschuetz 1978, 
Table 1, suggests a value of 7 W/m
2
.K. 
Uf Heat transfer from silicone cell to HTF. This influences the Fr_bar value used 
throughout the simulation. Florschuetz 1978, p364 suggested 34 W/m
2
.K, for air.  
An experiment undertaken by Anderson et al. 2009, pp449-450 suggested a thermal 
Fr value of 0.6. Considering both these numbers Uf = 45 W/m
2
.K will be used. 
 
G_hor Average solar noon irradiance for the locality used to evaluate Fr_bar, adopted from 
ASRDH 2006 Tables. 
 
 
 
Fr  Conventional collector heat removal factor.  
Fr_bar  Evaluated from previous section.  
Thermal details
Latitude -16.9
Module inclination 17.0
Ac 4.0
Module NOCT 45
Fr 0.9
Fr_bar 0.858
Fr_qe_bar 0.86
UL 6.5
τ 0.910
α 0.850
α  τ  = 0.7735
Cp 4178.0
m_dot kg/s 0.3200
kg / m
2
.s 0.08
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Fr_qe_bar Equal to Fr_bar, extra cell provides an opportunity to change value.  
UL    Manual entry based on values from previous section.   
τ and α   Transmission and absorption characteristics of glass and absorber, adopted 
from Duffie and Beckman, 1980. 
Cp  Specific heat of water. 
md  Flow rate of HTF for entire array. Calculate from kg/m
2
.s. 
kg/m
2
.s Levelised flow. Morrison et al. 1980, 192, provide thermosiphon average 
daily flow between 7 and 11 grams/sec for a (assumed) 1.2 m
2
 collector.  
Simulation assumes pumped circulation with a flow value of 0.08 kg/m
2
.s. 
 md  = Ac  x   kg/m
2
.s 
 
 
 
PV module properties, adopted from Jiangsu GPPV 170 W module (Jiangsu, 2013). 
kWp  PV system size calculated from collector area Ac. 
 
 
 
 
 
 
PV elec details
ηr 0.160
γ -0.0040
Tstc 25.000
kWp 0.642
qty of 170 Wp modules
4
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Connecting tube thermal losses, using resistive elements in series: 
h_in   Convective transfer from fluid to pipe. 
h_out   Convective flow from outer surface to ambient air. 
   Values adopted from Holman, 1983. 
x values  Material thickness. 
k values  Material conductivity. 
 
 
Connecting tube
Wet dia. 0.025
Wet lgth. 3.200
h_in 250 Holman, 1983, 13
r_1 0.0125
Cu      x_1 0.0005
Cu      k_1 370
r_2 0.0130
Rubber x_2 0.04
Rubber k_2 0.036
r_3 0.0530
foil x_3 0.0002
foil k_3 200
r_4 0.0532
h_out 10 Holman, 1983, 13
OD 0.1064
1/UA= 2.05
UA= (W/K) 0.49
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hgt/dia Height to diameter ratio is adopted to calculate surface area given the tank 
volume in m
3
. Survey of several horizontal and vertical tanks indicated a 
mean value of two (2). 
Vol In m
3
, general retail size of SHW ranges from 180 to 400 litres. Value used 
is calculated from 250 litre/4m
2
 (collector area) i.e.  Vol = 0.625 x Ac. 
h_in & h_out Convective heat transfer, from fluid to tank inner shell, then from the outer 
skin to ambient air. A correlation is made to the heat loss for a standard tank 
provided in AS 4234:2008 page 25, Tables A7 and A8. 
Tank
Hgt./Dia. ratio 2
Tank vol. m3 0.25
Water litres = kg 200
Wet dia. 0.542
Wet hgt. 1.084
h_in 150 EE, HT, p17
Inside    r_1 0.271
FE    x_1 0.003
k_1 46
r_2 0.274
Styro    x_2 0.03
k_2 0.03
r_3 0.304
Fe can    x_3 0.0006
k_3 46
Outside    r_4 0.305
h_out 10 Holman, 1980, p13
OD 0.609 correlated with
Outside height 1.130 AS 4234:2008, p25
Area 2 end disks 0.583
Area outside cylinder 2.162
1/U= 1.11 end flats
U= W/m2K 0.90
1/UA= 0.54 cylinder
UA= (W/K) 1.86
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U & UA Used in the simulation to calculate the heat loss from the end flats and 
cylinder respectively. 
  
 
Vol % of tank  Percentage volume of water that the PCM will displace, for flow, 
conductivity and attachment of PCM. A value of 60% is considered 
maximum. 
Mass  Mass in kg calculated from % Vol. 
Cp solid & Cp liquid 
  Specific heat of the two phases. 
Lh  Specific latent heat. 
Water usage  Mass per period, kg/30min, utilised during sunshine hours, providing even 
distribution of the daily consumption. 
Standard rate   4.3 kg/30min amounting to 111.8 litres/day with a 4m
2
 
PVT simulation using 19m 
2
 employs 20.4 kg/30min. 
PCM simulation using 4m 
2
 employs 4.3 kg/30min. 
PCM
PCM name PC 29
Vol. % of tank 20%
mass kg 86
Cp solid J/kg.K 1,430
Density solid 1710
T melt 29
Lh  J/kg 188,000
Cp liquid 2,310
Density liquid 1580
Water usage
Usage every 30 min during sunshine.
Litres 20.4
Litres/day 530.4
Dept of Sustain Water 
Aust avge, 2000-01, 315 litre / person.day
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Potable water temperature for each month for the various Australian Climate zones, 
sourced, AS 4234:2008 Figure A1 p 23 and Table A6 p 25.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tfi Data from AS 4234:2008 table A6
Used as entry to Tci Cairns Sydney Melbourne
Zone # Zone 1 Zone 1 Zone 3 Zone 4
Tfi_jan 28 28 23 20
Tfi_feb 28 28 23 20
Tfi_mar 27 27 21 18
Tfi_apr 25 25 18 15
Tfi_may 23 23 15 11
Tfi_jun 20 20 12 9
Tfi_jul 20 20 11 8
Tfi_aug 21 21 12 10
Tfi_sep 24 24 15 12
Tfi_oct 26 26 19 15
Tfi_nov 28 28 21 17
Tfi_dec 28 28 22 19
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Appendix 4 
Vetted web based PV module pricing December 2012, providing mean cost/Wp 
 
 
 
 
 
Manufacturer Si Wp  $/module $/Wp mean $/Wp Company/location
Sharp p 80 490 6.13 $6.13 Online Solar, Newcastle 
Suntech m 85 240 2.82 Rainbow Power Co.Nimbin
Suntech p 85 319 3.75 Springers,   Brisbane
Suntech m 85 380 4.47 iSustainAustralia,  Atherton
BP m 85 527 6.20 Springers
Kyocera p 85 760 8.94 $5.24 iSustainAustralia 
K-solar p 130 309 2.38 Online
BP p 130 565 4.35 $3.36 Springers
Kyocera m 135 430 3.19 RPC
Suntech p 135 500 3.70 iSustainAustralia 
Suntech p 135 599 4.44 Springers
Kyocera m 135 990 7.33 $4.66 iSustainAustralia 
Astronergy m 170 520 3.06 iSustainAustralia 
Astronergy m 175 530 3.03 $3.04 iSustainAustralia 
Enertech m 190 330 1.74 iSustainAustralia 
Suntech m 190 440 2.32 iSustainAustralia 
Suntech m 190 559 2.94 Springers
Astronergy m 190 570 3.00 $2.50 iSustainAustralia 
Enertech m 195 337 1.73 iSustainAustralia 
CMS m 195 370 1.90 $1.81 Online
Trina m 200 315 1.58 $1.58 RPC
Trina m 215 330 1.53 RPC
LG m 215 440 2.05 Online
Astronergy m 215 690 3.21 $2.26 iSustainAustralia 
LG m 225 460 2.04 $2.04 Online
Panasonic m 235 790 3.36 $3.36 Online
K-solar m 250 490 1.96 Online
Suntech m 250 637 2.55 $2.25 Springers
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Appendix 5 
NPV calculation  
Excel sheet for Cairns, evaluating domestic 4m
2
  and priced for self-consumption of  
$0.25/kWh 
Table A.5 Net present worth calculation example for Cairns 
 
 
 
 
Cairns
PVT system capital $15,860 Discount rate 5.50%
PV System -$7,300 Escalation rate 2.80%
PVT-PV difference $8,560 System life years 20
Electricity (domestic) rate $/kWh $0.25
Thermal (off-peak) rate  $/kWh $0.101
STC $/ MWh $35
deemed initial capital = Electrical Thermal Yearly
kWh / yr STC $ system cost - STC income income income
Elec excess 953 $500 $238
Domestic 4m
2 
2,323 $813 $7,247 $235 $473
Commercial 19m
2 
11,032 $3,861 $4,198 $1,114 $1,352
Description Yr Cost, during Present Net Present Net Present NPV yearly NPV
period $ Worth Factor Costs  $ Income  $ sum  $ cumulative $
Initial capital 0 -7,247 1.000 -7,247 -7,247 -7,247
1 0 0.948 0 473 473 -6,774
2 0 0.898 0 486 486 -6,288
3 0 0.852 0 500 500 -5,788
4 0 0.807 0 514 514 -5,274
5 0 0.765 0 528 528 -4,746
6 0 0.725 0 543 543 -4,203
PVT module  replacement 7 -735 0.687 -505 558 53 -4,150
8 0 0.652 0 574 574 -3,576
9 0 0.618 0 590 590 -2,986
Tank replacement 10 -1,537 0.585 -900 606 -293 -3,279
11 0 0.555 0 623 623 -2,656
12 0 0.526 0 641 641 -2,015
13 0 0.499 0 659 659 -1,356
PVT module  replacement 14 -1,068 0.473 -505 677 173 -1,184
Inverter replacement 15 4,353 0.448 1,950 696 2,646 1,463
16 0 0.425 0 716 716 2,178
17 0 0.402 0 736 736 2,914
18 0 0.381 0 756 756 3,670
19 0 0.362 0 778 778 4,448
Tank replacement 20 -2,626 0.343 -900 799 -101 4,347
PVT module  replacement 21 -1,554 0.325 -505 822 317 4,664
22 0 0.308 0 845 845 5,509
23 0 0.292 0 868 868 6,377
24 0 0.277 0 893 893 7,270
25 0 0.262 0 918 918 8,188
26 0 0.249 0 943 943 9,131
27 0 0.236 0 970 970 10,101
PVT  replacement 28 -2,261 0.223 -505 997 492 10,593
29 0 0.212 0 1,025 1,025 11,618
30 0 0.201 0 1,054 1,054 12,671
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